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A charge-independent interaction between nucleons is assumed, which is characterized by a short range 
repulsion interior to an attractive well. It is shown that it is then possible to account for the qualitative 
features of currently known n-p and p-p scattering data. Some of the implications for saturation are dis- 


cussed. 





I. INTRODUCTION 


ECENT experiments! on p-p scattering at 340 Mev 
indicate a cross section roughly isotropic between 
20° and 90° with a mean magnitude of approximately 
4 mb/sterad. This result is in strong contrast to that 
obtained in u-p experiments at comparable energies 
where a marked anisotropy is observed, the cross section 
at 260 Mev rising from approximately’ 1.2 mb at 90° 
to 10 mb at 180°. At low energies, however, a complete 
charge independence is observed in the singlet state, 
within the limits of error in the determination of the 
singlet scattering parameters.** 

A striking feature of the p-p observations lies in their 
qualitative disagreement with the results expected from 
a central attractive potential consistent with the low 
energy scattering, as shown in Fig. 3, curve I. This 
potential predicts strong forward scattering at 340 Mev, 


with a cross section of 0.2 mb at 90° which rises steeply® 


to 11 mb at 0°. The appearance of strong forward 
scattering at high energies is indeed a characteristic of 
the scattering from any central potential which does 
not change sign, as can be seen from the expressions for 


* Supported by the AEC by a grant to the Institute for Ad- 
vanced Study. 

** Now at the Radiation Laboratory, University of California, 
Berkeley, California. 

10. re mberlain and C. Wiegand, Phys. Rev. 79, 81 (1950), 
and private communication with E. Segré, through whose kindness 
I am able to quote unpublished values on the mean magnitude 
of the 340 Mev p-p cross section. 

* Kelly, Leith, Segré, and Wiegand, Phys. Rev. 79, 96 (1950). 

3H. A. Bethe, Phys. Rev. 76, 38 (1949). 

4H. A. Bethe and C. Longmire, Phys. Rev. 77, 647 (1950). 

5 R. S. Christian and H. P. Noyes, Phys. Rev. 79, 85 (1950). 


the differential cross sections, 
Tnp(9) - } | fa(0) 4-3 |f:(@) | , 
= 4X°>° >> (2/+ 1) (21 + 1) sind;* sindy* cosé,y-*P Py 
tv 


+NDE (24+-1)(20'+1) 
ty Xsind;' sindy' cosdiy'P iPr ; 
Fpp(9)=3|f.(0)+f.(7—8) |* +2 | fe(0)—filw—8) |? 
=a NEL (H+ 1)(22’+-1) sind,’ sind;* cosdy"P Py 


even 


+3NED (2/-+1)(2/’+1) 
Lv 


odd 


(1a) 


Xsin 6,' sind, coséy'P Pr. (1b) 


Here the superscripts s and ¢ refer to singlet and triplet 
states, respectively. Successive even Legendre poly- 
nomials alternate in sign at 90°, hence the interference 
terms between states of successive even angular mo- 
menta in the p-p cross section, such as the S— D term, 
for example, are negative at 90° and positive at 0°, 
provided the potential is everywhere of the same sign 
and the phases are therefore all of the same sign. The 
scattering is, consequently, predominantly forward at 
energies sufficiently high to excite a number of angular 
momenta. The contribution from states of odd angular 
momentum is zero at 90° and rises to a maximum at 0°, 
increasing the forward effect. 

We wish to show that it is possible, nonetheless, by 
means of a charge-independent static potential,® to 


6 The velocity-dependent spin-orbit interaction has been investi- 
gated by K. M. Case and A. Pais [Phys. Rev. 80, 203 (1950) ], 
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account for the isotropic distribution observed in p-p 
scattering at high energies while maintaining the 
anisotropy in m-p scattering at comparable energies. 


Il. THE INTERACTION 


A charge-independent interaction is assumed, the 
differences in n-p and p-p scattering then being only 
those determined by the exclusion principle in (1a) and 
(1b), namely, the domination of op, over ony by a factor 
of four and the elimination in the former of the odd 
singlet and even triplet states. 

We adopt an interaction characterized in the singlet 
states by a short-range repulsion and a surrounding 
attractive well, the parameters in the combination 
being chosen for agreement with low energy scattering 
constants.’ The attractive part of the field is perhaps 
to be associated with the r-meson and the short-range 
repulsion with a heavier particle. 

The small magnitude of the triplet effective range 
(1.7 10- cm) precludes the possibility of a triplet 
repulsion larger than 0.2X10-" cm. Since the effects 
of a core of this size are unimportant at the energies 
considered, we may simplify the interaction by taking 
the triplet radius of repulsion to be zero. 


Vo 











(b) (Cc) 


_ Fic. 1. Composition of the potential from a repulsion constant 
in all states and a spin-dependent attractive well. Vo=repulsion 
potential, V;=triplet attraction, V*=singlet attraction. 


who conclude that it is possible by means of a singular interaction 
of this type to represent qualitatively the -p and p-p cross 
sections on a charge-independent basis. Some consequences of 
spin-orbit coupling have also been considered by Blanchard, 
Avery, and Sachs Ephys. Rev. 78, 292 (1950) ]. 

7A similar type of interaction has been considered by N. M. 
Kroll in connection with p-p scattering. P. O. Olsson has examined 
the er of introducing a repulsion into the n-p interaction, 
as have also G. Parzen and L. Schiff [Phys. Rev. 74, 1564 (1948) ]]. 
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The assumption of a spin-dependent core radius is 
somewhat artificial. However, the absence of the core 
in the triplet states may also be considered as arising 
from the superposition of an attractive well of spin- 
dependent depth on a repulsive interaction constant in 
all states (Fig. 1). 

The triplet interaction is assumed to be the same as 
that fitted by Christian and Hart® to the deuteron 
constants and low energy n-p scattering parameters, 
except for the addition of a weak tensor force in the 
odd states. 

The repulsive field is represented by a hard sphere 
for convenience in calculation. An exponential radial 
dependence is chosen for the attractive well since the S 
phase may then be expressed analytically.® The inter- 
action then takes the form: 


Singlet: V=o, r<ro; 


r—To 1+P, 
V=Vo, exp( - )( ), r>To. 
ts 2 (2) 


Triplet: V={a+(1—a)P, 
+[b+(1—b)Pz}yS12} Vor exp(—r/r1). 


If one chooses r>=0.60X10-" cm, the remaining 
parameters are then fixed at the following values by 
the deuteron constants and by n-p and p-p scattering 
at various energies: 


ryo=0.60X 10-8 cm 
r,=0.40X 10-" cm 
r:=0.75X10-" cm 
a=0.50 


Vos=375 Mev? 
Vor= 69 Mev 
y= 1.84 
b= 0.30 


Ill. P-P SCATTERING 
A. Qualitative Effect of the Core 


The introduction of a short-range singlet repulsion 
has the following effect on p-p scattering. When energies 
are reached comparable with or greater than the depth 
of the surrounding attractive well, the S wave will be 
affected less by the well than by the inner core, and 
the sign of the S phase shift will change from positive 
to negative in this energy region. States of higher 
angular momentum are, however, affected more by the 
outer or attractive region of the potential, and the 
corresponding phase shifts will remain positive until 
energies are reached which are greater than that at 
which the S phase changes sign. Thus, there will 


®R. S. Christian and E. W. Hart, — Rev. 77, 441 (1950). 


®The exponential well possesses this advantage over the 
Yukawa well. With regard to the possibility of other radial forms, 
the only important requirement is that the tail of the well be 
approximately as long as that of the exponential or Yukawa wells. 

10 The magnitude of the singlet well depth arises from the narrow 
range employed. Although large in comparison with the custom- 
arily quoted well depths for square wells without repulsion, the 
figure of 375 Mev appears to be more reasonable when compared 
with the singlet and triplet depths of 100 and 160 Mev, respec- 
tively, which occur when the exponential well without core is used. 
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always exist an energy region in which the sign of the 
S phase is opposite to that of states of higher angular 
momentum. In this region the S—D interference term 
in (1b) will be positive at 90° and negative at 0°, 
tending to destroy the forward scattering and build up 
the scattering" at 90°. 

These effects are illustrated in Fig. 2, where the 
singlet p-p cross sections are plotted for three sets of 
parameters in the neighborhood of those given in (2). 

The dip in the singlet cross section at intermediate 
angles is a consequence of the vanishing of the Legendre 
polynomial, P2, at 55°. Tensor scattering fills in this 
gap, resulting in the 340-Mev #-p cross section shown 
in Fig. 3, curve II, for r=0.60X10-" cm. Between 
90° and 30° curve II agrees with the experimental 
values of 4.00.6 mb.' At 20°, however, it has risen 
to 6.2 mb in disagreement with observation. An increase 
of this order of magnitude at small angles is character- 
istic of the interaction. It is possible that the rise may 
be diminished by the assumption of a more complicated 
potential of the same general type. However, in view 
of the neglect of nonstatic forces and relativistic effects 
an emphasis on precision of fit is probably unjustified 
in comparison with the importance of simplicity in the 
potential. 

The central phases entering into the p-p cross sections 
were computed by numerical integration with the 
exception of L=2 at 30 Mev and L=4 at higher 
energies, where the Born approximation was permis- 
sible. Tensor scattering was computed in the Born 
approximation with the exception of 30 Mev where 
tensor-Coulomb interference was included.” 


B. The Scattering at 30 Mev 


The comparison of the scattering experiments at 
30 Mev with the scattering expected from an attractive 
well consistent with the low energy data has been made 
by Christian and Noyes,’ and we mention here only 
the most important points. The experiments indicate a 
cross section with a mean magnitude of approximately 
14 mb on which is superposed a drop of 2 mb between 
90° and 25°. On the other hand, the scattering from a 
Yukawa well consistent with the low energy data 
consists of S scattering of mean magnitude 15 mb on 
which is superposed a rise of approximately 2 mb having 
its origin in a large D phase shift. The magnitude of the 
D phase results from the long-tailed character of the 
Yukawa well.” 

An important effect of the hard core at 32 Mev lies 
in the diminution of the D phase shift. The origin of 
this decrease can be seen as follows. In general, the 


1! Only the S—D interference term is mentioned because singlet 
states with Z greater than 2 do not make important contributions 
at the energies with which we are concerned. 

12T am indebted to R. S. Christian and H. P. Noyes for com- 
munication of their results on the calculation of this term. 

18 The long-tailed exponential and Yukawa wells lead to D 
phase shifts of 1.2° and 1.4°, respectively, at 32 Mev. The square 
well = superior in this respect, predicting a D phase shift of 
only 0.6°. 
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Fic. 2. Singlet p-p cross section at 340 Mev, calculated from 
potential (2) for several core radii: I. ro=0.70. II. ro=0.60. 
ITI. ro=0.50 (units of 10-* cm). 


introduction of the hard sphere interaction increases 
the effective range of the potential, and one has, in 
fact, the approximate relation valid for large scattering 
length, 

¥tt™~2(ro+ 21) (3) 


where fers is the effective range, 7» the core radius and, 
r, the range of the surrounding well. In order to keep 
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Fic. 3. Differential p-p cross section at 340 Mev calculated from 
potential (2) assuming I. ro=0.60X 10~". IT. ro=0. 


the effective range at the value determined by low 
energy scattering it is necessary to decrease the range 
of the surrounding attractive well below its value 
without the core. The consequent contraction of the 
tail of the well reduces the phase shifts of all states 
with L>0. With r>=0.60X 10—" cm the range of the 


4 This can be seen from the useful formula of H. A. Bethe for 
the effective range (reference 3), 


tro= [ (od —ud)r*dr 


where t#éo and 0% are the zero-energy wave functions in the presence 
and absence, respectively, of the nuclear potential. It is clear 
that the introduction of a short-range repulsion, keeping the 
volume of the surrounding well constant, will decrease wo in the 
region occupied by the repulsion, thereby increasing ro. 
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exponential well must be decreased from 0.72 to 
0.40 10-" cm the magnitude of the D phase shift 
being reduced at the same time from 1.2° to 0.6°. 

The core also causes a reduction from 47° to 42° in 
the S phase shift at 30 Mev. The resultant drop in the 
mean magnitude of the 30-Mev cross section is made 
up by the tensor contribution. 

The 30-Mev p-p cross section assuming a core radius 
of 0.60 10-8 cm is compared in Fig. 4 with the data 
at 29.4 Mev."® 


C. Possible Variations in the Interaction Parameters 


An initial freedom exists as to the choice of core 
radius. When the core radius has been selected the 
singlet well parameters in even states are fixed by the 
singlet scattering length and effective range, as deter- 
mined from low energy n-p or p-p scattering. The 
triplet interaction in even states is determined by the 
deuteron constants and by the m-p triplet scattering 
parameters and must be identical with the Christian- 
Hart interaction in these states, once the possibility of 
a triplet repulsion of appreciable radius has been 
excluded. N-p scattering at high energies indicates that 
there is no appreciable central force in odd states, thus 
determining the amount of space exchange in the singlet 
and triplet wells.’ The core is considered as a phenome- 
nological manifestation of nucleonic structure and 
probably not subject to ordinary exchange effects. The 
strength of the tensor force in odd states is fixed by the 
requirement that at 340 Mev and 90° the sum of tensor 
and singlet contributions to op, must equal the observed 
value of 4 mb. The form of radial dependence is some- 
what arbitrary, but high energy n-p scattering appar- 
ently requires a long-tailed well,* and it seems reason- 
able to require that this be the same for the central and 
tensor interactions. 
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Fic. 4. Differential ~-p cross sections at intermediate energies 
calculated from (2) with ro=0.60X 10-" cm. 


1*W. K. H. Panofsky and F. Filmore, UCRL Report 481, 
unpublished. 
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Fic. 5. p-p crofs section at 90° vs. energy, calcuiated from (2) 
for core radii of 0.50 and 0.60X 10" cm. 


Thus, on the assumption of a given radial dependence, 
the only important free parameter is the core radius. 
The effect of variations in the core radius on the singlet 
cross section at 340 Mev is shown in Fig. 2. The choice 
of ro>=0.60 (curve II) represents the best compromise 
between the demand for a flat cross section at 340 Mev 
and for the correct mean magnitude at 30 Mev. 

An increased core radius (curve I) results in an 
increase in the singlet cross section at 90° and below 40°. 
In order that the 90° cross section at 340 Mev shall 
remain 4 mb, it is necessary to decrease the tensor 
strength. Consequently, the singlet dip in the neigh- 
borhood of 55° is less completely filled, while at the 
same time the singlet scattering below 40° has been in- 
creased, the net effect being the destruction of the de- 
sired isotropy. 

For the same reason, a decrease in the core radius 
(curve III), and consequently in the 90° singlet cross 
section at 340 Mev, requires an increase in tensor 
strength. The effect of the singlet dip at intermediate 
angles is thereby removed while at the same time the 
singlet forward scattering is reduced, resulting in a 
materially greater degree of isotropy. However, the 
necessary increase in tensor strength is accompanied by 
an excessive tensor contribution at lower energies, de- 
stroying the agreement with observation at 30 Mev. 
With ro>=0.50X 10- cm the 30-Mev cross section is 17 
mb at 90°, decreasing to 11.5 mb at 25°. (Compare 
with Fig. 4.) 


D. Energy Dependence of the 90° Cross Section 


In the neighborhood of 150 Mev the S phase shift 
changes sign in consequence of the interference between 
positive and negative regions of the potential. The 
small magnitude of 69° in this region results in the 
appearance of a minimum in the singlet cross section 
between 100 and 200 Mev, which is partially compen- 
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Fic. 6. Differential -p cross sections calculated from (2) for a 
core radius of 0.60X 10-8 cm. The experimental distributions are 
taken from reference 2. gg 40-Mev distribution normalized to the 
total cross section measurement of Segré, ef al. (reference @ of 
Table I). a 40-Mev distribution normalized to the total cross 
section measurement of Hildebrand and Leith (reference } of 
Table I) X 90 Mev (reference a of Table I). @ 260 Mev (see 
reference 2). 


sated by a rise in the tensor cross section. The variation 
of the resultant 90° cross section with energy is shown 
in Fig. 5 for core radii of 0.50 and 0.60X10-" cm. It 
is seen that the effect of the dip in the singlet cross 
section becomes more pronounced with increasing core 
radius. 

The angular distributions at 100 Mev and 250 Mev 
are shown in Fig. 4, with the effect of the Coulomb field 
included at the lower energy. One sees that the variation 
of the cross section with energy and with: angle is 
surprisingly small between 100 Mev and 350 Mev. 


IV. N-P SCATTERING 


The principal contribution to the n-p cross bias 
comes from the triplet states because of their statistical 
weight,'® hence the n-p cross section predicted by (2) 
may be expected to have the same general character- 
istics as the Christian-Hart cross section. Figure 6 
compares the -p cross sections calculated from (2) with 
the observed distributions.” 

The major effect on the m-p cross section of the 
changes introduced into the Christian-Hart interaction 
appears in the total cross sections, which are seen to be 
relatively larger at high energies (Table I). The experi- 
mental value at 40 Mev is rather uncertain. The angular 
distribution at 40 Mev in Fig. 6 has been normalized 
both to the value of 170 mb determined by Segré, e¢ ai.,? 


16 This is not true for opp because of the exclusion of triplet 
even states by the Pauli principle. 
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as well as to the value of 203 mb obtained by Leith, 
et al. 

The effect of odd tensor forces has not been included 
in Fig. 6. Calculations by Christian’® indicate that the 
major effect of these forces on the angular distribution 
is a decrease of the order of 10° in the position of the 
minimum in the cross section. Their contribution to 
the total cross section varies from 10 percent at 40 Mev 
to 25 percent at 260 Mev and has been included in the 
figures of Table I. 

Figure 6 indicates that at 40 Mev the theoretical 
value of o(4)/o(x/2) is 1.3 as compared to the experi- 
mental value of 1.55. The discrepancy can be re- 
moved by assuming a triplet well with a longer tail, 
[o()/o(x/2)=1.4 for the Yukawa well], but only at 
the expense of a further increase in the already excessive 
figure for the predicted total cross section, as can be 
seen from a comparison of columns B,; and By in 
Table I. It appears to be difficult to introduce a reason- 
able modification of the Christian-Hart triplet inter- 
action which will at the same time lower the total cross 
section and increase the o()/o(m/2) ratio. The dis- 
agreement is the more serious in that it is most pro- 
nounced at 40 Mev where little help can be expected 
from non-static forces. 


V. IMPLICATIONS FOR SATURATION 


On the assumption of a short-range repulsion it is 
clear that saturation will result, of the type existing in 
classical liquids. However, since the radius of repulsion 
assumed is smaller by a factor of four than the observed 
nucleonic spacing in the heavy nuclei, it appears to be 
questionable whether reasonable values of nuclear 
density and binding energy will result from (2). In 
this connection it is‘important, however, to note that 
the effect of the impenetrability interaction contained 
in (2) is greater than the classical liquid model leads 


Taste I. Total n-p cross sections (10~*" cm"). 








Theoretical 
Energy B 


40 217 


Experimental 
170+15* 
203+ 7° 


76+ 10* 
83 4 
73% 24 (95 Mev) 


35+ 9 





90 87 102 


41 31 37 


A. Hard core potential (2) 
B. Christian-Hart potential: 
1. Exponential 

2. Yukawa 








oon Kelly, Leith, Segré, Wiegand, and York, Phys. Rev. 75, 351 
1949) 

b See reference 17. 

* Cook, McMillan, Peterson, and Sewell, Phys. oo 75, 7 (1949). 

4 J. Dejuren and N. Knable, Phys. Rev. 77, 606 (1950). 

* See reference 2. 


17 R. H. Hildebrand and C. E. Leith, Phys. Rev. 80, 842 (1950). 
18 Private communication. 
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one to expect, because of the quantum-mechanical 
zero-point energy resulting from the exclusion by the 
hard sphere interactions of the part of the volume 
available in the nucleus for each nucleon.’ An analogy 
can be drawn with liquid helium, where the particles 
are coupled by an interaction similar to (2) except for 
scale. The radius of repulsion in liquid helium is 
approximately 2A and the mean spacing 4A, the 
difference in these figures having its origin in the zero 
point energy associated with the repulsion. Moreover, 
the radius of repulsion may be expected to be greater 
for the thermal collisions occurring in nuclei than for 
collisions at energies of several hundred Mev which 
were made the basis for setting the repulsive range at 
0.60. In a potential of more realistic form than that 
used in these calculations the hard sphere may be 
replaced by a potential which crosses the axis with 
finite slope, as in Fig. 1, and at a distance greater than 
the range of repulsion effective at higher energies. 


VI. CONCLUSIONS 


It is seen thus that the introduction of a short-range 
repulsive force permits one to reconcile the preservation 
of charge independence with the qualitative features of 
n-p and p-p scattering over the energy range thus far 
explored. This type of interaction may have, further- 
more, desirable characteristics with respect to the 
saturation properties of the heavy nuclei. Several 


points must, however, be emphasized in considering 
the significance of these results: 


(1) The omission of non-static forces is not to be 
taken as implying that such forces are negligible, but 
only, as the results of this calculation indicate, that a 
rough description of the scattering in terms of static 
forces cannot be excluded by present data. Since there 


18 The magnitude of the zero-point energy is reduced by the 
fact that the wave function of a system of nucleons is symmetric 
with respect to the interchange of only of the relative coordi- 
nates. 
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may be appreciable nonstatic contributions at 350 Mev, 
the quantitative implications of a static potential 
which has been fitted, in part, to a cross section at that 
energy must not be given undue weight. 

(2) Other, basically different, types of forces can be 
used for the charge-independent representation of the 
n-p and p-p interactions. In addition to the singular 
spin-orbit coupling of Case and Pais,® Christian and 
Noyes® have been able to account for p-p scattering by 
means of a singular tensor interaction which may be 
possibly incorporated into a charge-independent po- 
tential.*° Each of these interactions possesses, in com- 
mon with the short-range repulsive force, the character- 
istic of a strongly singular behavior at short distances. 
It may be said that the one general conclusion to be 
drawn from the high energy scattering experiments is 
that a strong singularity exists in the nucleon-nucleon 
interaction at small distances, and that on the assump- 
tion of charge independence one can show that the 
consequences of this singularity are partially masked 
in n-p scattering by the effect of the Pauli principle. 
It does not seem to be possible to obtain more definite 
information on the nature of this short-range force until 
nonstatic and relativistic effects are understood well 
enough to permit a quantitative comparison of the 
calculations with experiment. 


I should like to express my thanks to Drs. K. M. 
Case, J. R. Oppenheimer, and A. Pais for stimulating 
discussions throughout the course of this work. The 
criticism of Mr. R. S. Christian and of Professors 
N. M. Kroll and R. Serber concerning the analysis of 
the calculations was extremely valuable. I am in ad- 
dition grateful to Drs. E. M. Hart and P. Noyes and, 
in particular, to Mr. Christian, for their cooperation 
in supplying information and results relating to tensor 
scattering which made possible a considerable abbrevi- 
ation of the computations. 


20 N. M. Kroll (private communication). 
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neutrons has been performed by observing the change in fission neutron counting rate when fission fragments 
are allowed to fly away from a neutron counter as compared to the counting rate when the fragments are kept 
in the vicinity of the counter. The fission neutrons were detected by observing proton recoils in a thick- 
paraffin-lined proportional counter. The percent of neutrons delayed by a time of at least 8X 10~* sec was 
found to be (3.62.8) percent. 


(Received October 17, 1949) 


The Baker experiment to detect times of delay greater than ~5X 10~* sec for the emission of fission 








I. INTRODUCTION 


VERY small number (about 0.8 percent) of the 

neutrons which accompany nuclear fission are 
delayed by times of the order of seconds.' These neu- 
trons are associated with beta-processes in the fission 
products. It has been assumed that the rest of the 
neutrons (the “prompt” neutrons) are emitted within 
the short times characteristic of ordinary nuclear 
reactions (<10-'5 sec). Wilson? has shown that there 
is a strong correlation between the direction of a fission 
fragment and the direction of a fission neutron, indi- 
cating that a considerable number of the neutrons are 
emitted before the fragments are brought to rest. The 
purpose of the present experiment was to ascertain 
whether all of the “prompt” neutrons (the ones which 
are not delayed by at least many milliseconds) are 
emitted in less than 10° sec. 

The method, originally proposed by C. P. Baker, 
uses the high speed of the fission fragments to measure 
the neutron emission time. A foil of U™* is wrapped 
around a counter sensitive only to fast neutrons and the 
whole immersed in a flux of thermal neutrons. The 
counter and foil are placed within a chamber that can 
either be evacuated or filled with a gas of high stopping 
power. The chamber wall is 3.46 cm away from the foil. 
Thus when the chamber is evacuated, most of the fission 
fragments (which have a velocity of ~10° cm/sec) 
can travel from the foil to the chamber wall in ~5X 10~® 
sec. On the other hand, when the chamber is filled with 
the gas, the fragments are brought to rest very close to 
the counter. If there is a delay in neutron emission, as 
long as or longer than 5X10-* sec, the neutrons 
emitted by those fragments which escape from the U5 
will come from the outer wall of the chamber, far from 
the counter, when the chamber is evacuated, but from 
just outside the counter when the chamber is filled with 

* This document is based on work performed in 1943 at Los 


Alamos. A more complete account can be found in the declassified 
document LADC-252. 

t Present address: Knolls Atomic Power Laboratory, General 
Electric Company, Schenectady, New York. 

t Present address: Massachusetts Institute of Technology, 
Cambridge, Massachusetts. 

1See, for example, de Hoffmann, Feld, and Stein, Phys. Rev. 
74, 1330 (1948); Hughes, Dabbs, Cahn, and Hall, Phys. Rev. 73, 
111 (1948). 
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gas. Because the solid angle subtended by the counter 
is much less at a point on the chamber wall than on the 
surface of the counter itself, one expects a difference in 
the neutron counting rates in the two cases if an 
appreciable number of neutrons are emitted 5X10~° 
sec or more after fission occurs. 


II. APPARATUS 


The fast-neutron detector actually used in these 
experiments was a thick-paraffin-lined proportional 
counter, illustrated in Fig. 1. The counter cylinder was 
17 in. long and 2 in. o.d. witha 7¢-in. duralumin wall. This 
large counter was considered desirable because of its 
high counting rate, since good statistics are imperative 
in an experiment whose “background” is inevitably 
greater than 50 percent (because at least half of the 
fission fragments must remain in the foil). The axial 
collecting electrode was a Kovar wire 0.005 in. in 
diameter. The entire counter cylinder was lined with a 
cerecin-impregnated nickel gauze. The wires of the 
gauze were scraped free of paraffin on both sides after 
coating to insure good electrical contact with the 
counter wall on the one side and to insure an electrical 
field undistorted by charge accumulation on the other. 
Cleanliness was important in minimizing the boron con- 
tamination since boron gives alpha-particles in a.slow- 
neutron flux which are difficult to distinguish from recoil 
protons. In addition to boron, any nitrogen present 
gives an undesirable background owing to protons from 
the slow-neutron (n,p) reaction. For this reason the 
counter was filled with spectroscopic argon. With a 
pressure of 15 cm, the counter was found to operate 
well at about 820 v. 

The counter was placed on the axis of a steel cylinder 
4f in. i.d., #y-in. wall, which could be evacuated or filled 
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Fie. 1. The recoil counter and gas chamber. 
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Fic. 2. Plan view of the graphite block, showing location 
of the counter and monitor. 




















PARAFFIN 


with commercial propane to a pressure of one atmos- 
phere (see Fig. 1). 

To minimize slow-neutron absorbing materials in and 
near the counter its wire was used both as the collecting 
and high voltage electrode, and electrical connections 
were made by a long coaxial lead through the counter 
filling tube. By using a glass-insulated central wire of 
sufficient size, spurious electrical effects were avoided. 
This lead was made long enough so that the pulse pre- 
amplifier was far away and had negligible effect on the 
slow-neutron flux near the counter. 

In operation, the counter was placed across the axis 
of a graphite block 7X5.7 ft on the front face and 7 ft 
long (see Fig. 2). Fast neutrons from a cyclotron with 
internal beryllium target were incident on the front 
face. At a depth of 5 ft, where the counter was located, 
these neutrons had been slowed down to give a thermal 
flux (mv) i,»= 10° per cm? per sec. The ratio of this flux 
to the flux of neutrons above 100 kev was 25,000. It is 
important in this experiment to have the number of fast 
neutrons already present in the block as small as possible 
compared to the number of fast neutrons produced by 
fission, which one is attempting to measure. Under the 
conditions described, background (from all sources) was 
less than half the total counting rate. 

The circuits used in counting consisted of a regulated 
high voltage supply for the counter, a one-stage pre- 
amplifier and cathode follower mounted just outside the 
graphite block, a stabilized amplifier of the Waddell 
type, pulse selector, and scale of 32. The pulse selector 
was a differential discriminator which selected only 
pulses between two adjustable limits of pulse height. 
The upper limit was kept as low as seemed consistent 
with a good counting rate in order to eliminate as many 
of the boron alpha-particles as possible. 

The response of the counter was calibrated by bom- 
bardment with monochromatic neutrons from the 
Li(p,m) source of the Los Alamos electrostatic generator. 
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The purpose of the calibration was to determine whether 
or not the counter responded selectively to neutrons of 
certain energies and thus gave preference to some of the 
fission neutrons while ignoring others. The response was 
found to be satisfactory for our purposes. The sen- 
sitivity had a threshold at about 300 kev, and remained 
approximately constant on going to higher energies. 
One Mev was the maximum neutron energy obtained 
during this calibration. The presence of a plateau 
beginning at 700 kev means that the counter responds 
impartially to nearly all the fission neutrons since few 
have lower energies than 700 kev. The sensitivity of 
the counter in counts per incident neutron was found 
from this same calibration to be 9X 10-5. 

The U™® being investigated was a sample of enriched 
material containing 15.7 percent U** and 84.3 percent 
U™®, It was electroplated onto the outside of a platinum 
foil 16X6 in. which fitted around the outside of the 
counter. The average weight of metal deposited (in the 
form of the fluoride) was about 1 mg of UF, per cm’. 
Although this deposit was not thin to fission fragments, 
but rather about one-fourth of their range, it neverthe- 
less permitted most of the fragments to escape with a 
large part of their initial velocity retained. The disad- 
vantage caused by the inability of all fragments to 
escape with full velocity was offset by the large number 
of neutrons produced which gave an improved ratio 
of fission neutrons counted to background. 

For quantitative interpretation of the experiment, it 
was necessary to know the fraction, E, of fission frag- 
ments which escape from the foil. (EZ would be one-half 
if the foil were perfectly thin.) The method of deter- 
mining E and of measuring the uniformity of the foil 
is described in the Appendix. The value found for the 
escape fraction was E=0.435. 


Ill. PROCEDURE 


To compensate for variations in cyclotron output, 
it was necessary to monitor the thermal-neutron flux 
incident on the counter. For this purpose a fission 
ionization chamber employing a semithick foil of 
unseparated U was placed in the graphite block at a 
distance of 3 ft from the front face, 3 ft from the 
bottom, and 1 ft from one side. Any change in intensity 
and distribution of neutrons incident on the face of the 
block would therefore be expected to have the same 
effect on the monitor and on the number of fissions in 
our apparatus. 

The significant quantity for the experiment is 
therefore the number of recoil counts per unit monitor 
count. This will be referred to as the counting rate. 

In order to learn how sensitive the counting rate is to 
the point of origin of fission neutrons we observed the 
counting rate with the U™* foil in its normal position, 
surrounding the counter, then moved the U™® foil to 
the inner surface of the outer cylinder and observed 
the decrease in counting rate which this caused. These 
measurements were made with the stopping gas in the 
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chamber. To eliminate any error which might arise 
from the change in slow-neutron flux with distance 
from the front face of the graphite block, the foil was 
placed symmetrically with respect to a plane perpen- 
dicular to the axis of the block. It is evident that this 
measurement, which we have called the “in-out 
measurement” would correspond approximately to the 
change in counting rate which would be éxpected if 
somehow ail the fission fragments could escape from the 
foil, and all the fission neutrons were delayed by at least 
the time required for the fragments to reach the wall. 
Of course not more than half the fragments can escape 
at best, and their arrangement upon striking the wall 
will be more spread out than it is possible to make the 
foil, but the result of the experiment expressed in terms 
of this measurement is, to a first approximation, inde- 
pendent of the calculation of the change in counting 
efficiency as the source of neutrons moves from the 
surface of the counter to the outer wall of the chamber. 
This is important because it seems likely that con- 
siderations other than the change in solid angle sub- 
tended by the counter enter into this efficiency change, 
making an exact calculation difficult. 

Knowing the fraction of fragments that escaped to the 
walls, we have now a measure of the change in counting 
rate to be expected from the delayed neutrons when the 
foil was on the outside of the counter and the stopping 
gas was removed from the surrounding chamber. The 
experiment then consisted of repeatedly comparing the 
counting rate with gas in the chamber (and fragments 
therefore all confined to the neighborhood of the foil) 
to the counting rate with the chamber evacuated (and 
some fraction, less than one-half, of the fragments 
therefore going to the walls). 

If the stopping gas has appreciable absorption for slow 
neutrons a correction must be made, since the slow- 
neutron flux on the U™*® and hence the number of 
fissions per unit monitor count would then be greater 
when the gas was removed, and the decrease in counting 
rate resulting from delayed neutrons might be masked. 
Propane, having eight hydrogen atoms per molecule, 
has a small but appreciable probability for slow-neutron 
capture, and the “gas effect” correction was therefore 
measured quite carefully and accurately, by covering 
the U™* foil with a foil of Al thick enough to stop the 
fission fragments, and then comparing the counting rate 
with and without the gas. A reduction of (0.7+0.2) 
percent of the total counting rate was observed. About 
half of this can be attributed to absorption of slow 
neutrons, according to a simple diffusion calculation, 
and the rest may reasonably be attributed to slowing of 
residual fast neutrons. 


IV. RESULTS 


Table I summarizes the results of this experiment. 
The first column gives the average for each run of the 
“in-out” ratio, [= 100 (C.R. in—C.R-out)/C.R. in. C.R. in 
is the counting rate with the U™* foil in its normal posi- 





tion, C.R.out the rate with the foil against the outer 
wall of the chamber. This quantity was measured 
three times during Run I, twice during Runs II and ITI, 
and once during Run IV. It is a criterion of the sensi- 
tivity of the experiment and depends, in part, on the 
background counting rate. Its fluctuations arise from 
changes in the background, and the improvement 
between Runs II and III was made by reducing the 
fast-neutron background. The graphite block was 
lengthened by adding 12 in. of graphite to its front face; 
and the hole which contained the recoil counter was 
changed from a 5}-in. cylinder to an 8X8-in. square 
channel, in the center of which the counter was sup- 
ported. The latter change was made to reduce back- 
scattering into the counter of fast neutrons originating 
in the U™® since such scattering would have a tendency 
to decrease the change in counting efficiency for delayed 
neutrons. 

The quantity of interest for our experiment is the dif- 
ference between the counting rate with propane in the 
outer chamber and the counting rate with outer 
chamber evacuated. This quantity was converted to 
percent by multiplication by 100/(C.R. with propane) 
and designated by P. Each run consisted of about 10 
pairs of measurements, a value of P being found for 
each pair. The average of these values of P for each 
run is tabulated in the second colum of Table I. The 
standard deviation of P,,, calculated in the usual way 
from the counting statistics, is given as ocaic. The many 
values of P for each run permit a determination of the 
observed value of the standard deviation of P,y, 


sore (EA2/n(n—1)}#. 


i=1 
This quantity is given, for each run, in the fourth 


TaBLe I. Summary of the measurements on delayed neutrons. 











Run no. lav Pay Goale obs 
I 28.2% 0.45% 0.46 0.85% 

Il 24.8% ~0.16% rer 0.44% 
Ill 35.3% —0.58% 0.58% 0.62% 
IV 35.9% —0.54% 0.51% 0.38% 





column of Table I. It will be seen that the internal con- 
sistency is satisfactory. 

Table II gives the results of two runs on the gas 
absorption effect. The results and errors were obtained 
in the same way as were those of the delayed neutron 


Tasie II. Gas absorption. Foil on counter, covered with 
0.001-in. aluminum. 








Run no. Percent difference fobs Scale 
I 0.79% 0. 0.28% 
I 0.62% 0:32 0.25% 
Average 0.71% 0.22% 
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Taste III. Percentage of delayed neutrons. 





100f = percent 
delayed 


P, corrected 
>8 X107* sec 


no. for gas abs. e 


I 1.15% 0.88% 
II 0.55% 
I 0.13% 
IV 0.17% 
Average percent delayed 3.62.8 percent. 











experiments. The values of P after adding the gas 
absorption correction and combining errors are given 
in Table III. 


V. DISCUSSION 


To a first approximation there is a very simple rela- 
tion between the in-out measurement, J (defined as 
the percentage decrease in counting rate when the U5 
foil is moved from the surface of the counter out to the 
wall of the chamber, the latter being filled with 
propane); the fraction £ of fission fragments which 
escape from the foil; the observed counting rate reduc- 
tion P; and the fraction f of neutrons delayed by at 
least the time necessary for all the fragments to reach 
the wall of the chamber. EJ is just the counting rate 
reduction expected if al/ the neutrons were delayed, and 
f is therefore given by f=P/EI. Actually, since the 
effective length of the counter is about 40 cm, and the 
average velocity of the fragments about 0.9X10° 
cm/sec, the time for the fragments which take the 
longest path to-reach the wall is 5X10-* sec, which is 
unnecessarily long. Also, a correction must be made for 
the finite range of the fragments in the stopping gas. 
Some knowledge of the efficiency of the counter as a 
function of the distance of the neutron source from its 
axis is therefore necessary. 


The details of these rather tedious calculations are. 


given in the original paper* and will not be repeated 
here. The results can be expressed to a good approxi- 
mation by writing the fraction delayed longer than a 
time Af after fission as f=(P/EI)K(At). For times At 
long enough so that all the fission fragments have come 
to rest, K(At) is of course constant, and is equal to 1.3 
(it differs from unity mainly because of the finite range 
of fission fragments in propane, about 1.3 cm). For 
shorter times, K (Af) involves the spacial distribution of 
the flying fission fragments.‘ 


* Declassified document LADC 252. It is shown there that the 
probability for a neutron to make a count is approximately pro- 
portional to 1/r, where r is the distance from the neutron source 
to the counter axis. This law was checked by calculating the 
value of the in-out ratio, J. The value expected from geometrical 
considerations was 53 percent. A background measurement (made 
with the foil removed) showed that 54 percent of the counting 
ratio with foil in “in” position was due to fission neutrons. One 
would therefore expect the in-out ratio to be 0.54X53=28.6 
percent. The measured value at this time was 28 percent. 

‘ This calculation included the distribution in velocity of the 
fission fragments as they emerge from the foil, and therefore 
involved the range-velocity relation given in the Appendix. It 
was simplified by assuming that all delayed neutrons were emitted 


Figure 3 is a graph of K(A/) against log(Aé). From 
this graph it is seen that the experiment has very nearly 
reached its maximum sensitivity, K=1.3, at At=8 
X10-* sec. Thus, one can say that f=1.3X.?/EI is the 
fraction of fission neutrons delayed by at least 8X 10-° 
sec. Table III gives the corrected values of P and cor- 
responding values of f for the four runs. The weighted 
mean is (3.6+2.8) percent delayed. 

This result would include most of the 0.8 percent of 
fission neutrons which are delayed by long times, 
although their energies are somewhat lower than those 
of the normal fission neutrons. There remains (2.82.8) 
percent delayed. The most reasonable interpretation is 
that this corresponds to zero: within an accuracy of 
three percent, and excluding the well-known delayed 
neutrons, none of the neutrons from fission are emitted 
at times greater than 8X10-* sec after the fission 
process. 


Fic. 3. The function K(Aé). 1/K is a measure of the sensitivity 
of the experiment to neutrons emitted at a time Af after fission. 
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APPENDIX 


At the conclusion of the experiment, the fraction of fission 
fragments which escape from the foil was measured by cutting 
two 2X2-in. samples from representative parts of the foil and 
comparing the number of fission fragments of energy >6 Mev 
from them with the number from a thin foil of known weight and 
the same isotopic constitution. The average E obtained in this 
way was 0.41. We correct for the fragments of <6 Mev as follows: 
Let the thickness of the UF, deposit be 8 < p, where p is the range 
of fragments in the UF. Then the fraction of fragments which 
escape after traversing a thickness less than / is given by the 


after the same time Af. An estimate shows that the corresponding 


mean life for an exponential decay law would be larger than At, 
but by less than a factor of two. 
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expression 
1—6/21 when/}28; 1/28 when /<8. (1) 


In particular, the total fraction that escape; i.e., the fraction that 
have traversed any thickness of material up to p is 

1—(8/2p). (2) 
We may use the above formulas together with a range-velocity 
relationship to find both the total fraction of fragments that 


escape and the thickness of the foil relative to the range; i.e., 8/p. 
A range-velocity relation which agrees with experiment well 
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enough for these purposes is (v/v9) =(1—1/p). From this equation 
we calculate the value of //p corresponding to 6 Mev, taking an 
average initial energy of the fragments to be 81 Mev. From Eq. (1) 
and the measured escape fraction we find 8/p=0.26, Inserting this 
value of 8/p in Eq. (2) we find that the total fraction of fragments 
which escape from the foil is E=0.435. 

The uniformity of the UF, deposit was measured by cutting 24 
one-inch squares from the foil and alpha-counting them. The 
standard deviation in thickness of the foil was 18 percent. We have 
assigned an uncertainty of this magnitude to Z in computing the 
error of our final result. 


PHYSICAL REVIEW VOLUME 81, NUMBER 2 JANUARY 15, 1951 


Distribution of Slow Neutrons in Free Atmosphere up to 100,000 Feet* 


Luxe C. L. Yuant 
Palmer Physical Laboratory, Princeton University, Princeton, New Jersey 
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Two identical proportional counters filled with boron trifluoride of 96 percent B™” have been sent aloft 
up to an altitude of 102,000 ft at a geomagnetic latitude of 51°46’ N by means of free balloons. One 
counter was shielded with 0.030 in. of cadmium, and the other enclosed in tin of the same thickness for 
the compensation of possible effects caused by “stars” produced in the cadmium shield. The difference in 
the counts of the two counters is due only to slow neutrons (Z < 0.4 ev). The counts and the pressure and 
temperature were radioed down by an FM telemetering system. Up to about 20 cm of Hg the counts increase 
exponentially with altitude according to an absorption depth A= 156 g/cm?, in agreement with previous 
measurements, and roughly with the increase of “stars” in the atmosphere. The counts of both counters 
as well as their difference show a maximum at high altitude, as expected theoretically. The maximum for 
the cadmium difference counts appears at about 8.5-cm Hg pressure and drops down sharply to about 
one-fourth of its maximum value at 1 cm Hg. The counter sensitivity was calibrated against a standard 
neutron source and the absolute number of slow neutrons absorbed per gram and second in the atmosphere 


is computed and compared with the number of protons produced at the same altitudes. 


IL. INTRODUCTION 


CONSIDERABLE number of measurements 

have been made on the neutron intensity in 
cosmic radiation by various investigators in this field.’~® 
The essential results thus far show an exponential 
increase of the neutron intensity as a function of alti- 
tude. Since neutrons in the cosmic radiation cannot be 
considered as primary particles because of their short 
lifetime, they must be produced in the atmosphere. 
Thus one can expect that there exists a maximum in 
neutron intensity distribution as a function of altitude. 
The position of the maximum has been calculated by 


* Assisted by the joint program of the AEC and ONR. 

+ A preliminary report of the present work appeared in Phys. 
Rev. 77, 728 (1950); Phys. Rev. 74, 504 (1948). 

t Now at Brookhaven National Laboratory, Upton, New York. 

1For references up to 1939, see Bethe, Korff, and Placzek, 
Phys. Rev. 57, 575 (1940). 

2S. D. Chatterzee, Indian J. Phys. 14, 435 (1940). 

3S. A. Korff and E. T. Clarke, Phys. Rev. 61, 422 (1942). 

4S. A. Korff and B. Hamermesh, Phys. Rev. 69, 155 (1946). 

5S. A. Korff and B. Hamermesh, Phys. Rev. 71, 842 (1947). 

* Agnew, Bright, and Froman, Phys. Rev. 72, 203 (1947). 

7S. A. Korff and A. Cobas, Phys. Rev. 73, 1010 (1948). 

8 C. L. Yuan and R. Ladenburg, Bull. Am. Phys. Soc. 23, No. 2, 
21 (1948). 

9 J. A. Simpson, Jr., Phys. Rev. 73, 1389 (1948). 


Fluegge’® and recently by Bagge and Fincke" on a 
theoretical basis by considering the absorption, scat- 
tering, and diffusion of neutrons in the atmosphere. 
This maximum is expected to exist at about 10 cm Hg, 
assuming that the atmospheric neutrons are originally 
produced in the processes of nuclear disruptions or 
“stars.” However, measurements in the past’? show a 
continuous increase in the neutron intensity up to 2 
cm Hg. This discrepancy between theory and experi- 
ment’ can probably be attributed to spurious counts 
obtained at high altitudes because of corona discharge 
at the high voltage terminals of the proportional 
counter. As will be described later, a completely pres- 
surized system for the high voltage supply and the 
counters was employed” in the present experiment to 
eliminate such possible corona effects. 

The object of the present experiment is not only to 
obtain the intensity distribution of the slow neutrons 
(E<0.4 ev) in the atmosphere, but also to attempt to 
measure their absolute intensities at various altitudes. 


10S. Fluegge, Sec. 14 of Lectures on Cosmic Radiation, edited by 
W. Heisenberg, translated by T. H. Johnson (Dover Publications, 
New York, 1946). 

"Von Erich Bagge and Karl Fincke, Ann. Physik 6, Folge, 
Bd. 6, 21 (1949). 

3 Luke C. L. Yuan, Phys. Rev. 74, 504 (1948). 
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A complete description of the measurements made at 
high altitudes will be given here. Experimentation at 
lower altitudes is still in progress.” 


Il. APPARATUS 
A. Gondola Equipment 


The present measurements were carried out at 
Princeton, New Jersey (geomagnetic latitude 51° 46’ N), 
by sending aloft two identical proportional counters 5 
cm in diameter and 20 cm in length up to an altitude 
of 102,000 ft (corresponding to a pressure of 0.75 cm 
Hg) by means of free balloons. The counters were made 
of glass of low boron content (less than 0.02 percent 
boron) and they were filled with purified boron tri- 
fluoride gas containing 96 percent B’° at a pressure of 
20 cm Hg in the first flight (April, 1948) and at a 
pressure of 50 cm Hg in the second (July, 1948) and 
third (January 8, 1949) flights. They were operated at 
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VOLTAGE ON CYLINDRICAL ELECTRODE IN VOLTS 


Fic. 1. Voltage plateau characteristic of proportional counter. 


a voltage plateau centered at 800 v and 1850 v, re- 
spectively. A preliminary report on the results of the 
first flight has appeared.” 

A typical voltage plateau characteristic of the propor- 
tional counter is shown in Fig. 1, where the counting 
rate is plotted against the negative high voltage on the 
outer electrode (cathode) of the counter. The width of 
the plateau is about 200 volts with a slope of about 
3 percent per 100 v. A counter operated at such a 
plateau region has a very high alpha-to-gamma-ray 
discrimination, and so pulses due to single gamma-rays 
are easily biased off. 

Of the two counters used in the flight, one counter 
was shielded with 0.030 in. of cadmium. Owing to the 
possibility of stars being produced in the cadmium 
shield at high altitudes, a tin shield of the same mass 
as the cadmium shield was put around the second 
counter to compensate for any such effect. Tin was 


% For preliminary results, see reference 8, also Luke C. L. 
Yuan, Phys. Rev. 76, 1267 (1949) and Phys. Rev. 76, 1268 (1949). 
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Fic. 2. Block diagram of telemetering and receiver system. 





chosen as the material for the compensating shield 
simply because its atomic number (Z=50) is close to 
that of cadmium (Z=48) and because its absorption 
cross section for neutrons is exceedingly small. The 
calculated absorption of the tin shield for thermal 
neutrons amounts to about two percent. 

The output pulse amplitude of these counters due to 
disintegration of B'° by neutrons at 1850 volts is of the 
order of a few millivolts, which is a thousand times 
smaller than that of a Geiger-Mueller counter. In view 
of this fact, a series of tests were made to determine the 
possible effect of corona on the counter at high altitudes 
and the means of eliminating such effect. This was done 
by putting the counter and its high voltage battery 
supply in a large vacuum chamber. Various methods of 
insulation were applied to the high voltage leads and 
terminals and to the battery itself, and corona effects 
were determined as the chamber was pumped down. 
With the best insulation method tried, corona still 
began to show up at about 4- or 5-cm Hg pressure, 
and its effect increased as the pressure decreased. This 
would give rise to a false increase in the neutron counts 
as the altitude increased if the corona effect were not 
completely eliminated. 

In order to eliminate any possible corona discharge 
under high altitude conditions, a pressurization system 
was adopted such that both counter shields as well as 
the high voltage battery container were sealed airtight 
and were maintained at atmospheric pressure through- 
out the flight. The high voltage leads were fed through 
long pressurized copper tubings which connected the 
high voltage battery container with the two counter 
shields. 

A cathode follower stage using a 2E41 subminiature 
tube was placed at one end of each counter shield. The 
output from the counter tube was fed directly from the 
anode (the axial wire) of the counter, which was at 
approximately ground potential, to the grid of the 
2E41. The output of the cathode follower was then fed 
through Kovar seals and long shielded leads to the 
input of a three-stage inverse-feedback linear amplifier, 
which was placed about 23 ft away from the counter. 
Each counter was followed by a separate cathode 
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follower and linear amplifier channel as shown in the 
block diagram in Fig. 2(A). 

The output of each amplifier was fed into a pulse 
lengthening circuit which converted a pulse of a certain 
amplitude into a corresponding square pulse such that 
the width of the latter was made to vary as the loga- 
rithm of the amplitude of the original pulse. These 
square pulses were employed to drive a reactance tube 
which frequency modulated a subcarrier oscillator. The 
frequency of the subcarrier oscillator was thus changed 
by a small, fixed amount for a time proportional to the 
logarithm of the original counter pulse amplitude. 

The gain of the amplifiers was so adjusted that the 
amplitudes of gamma-ray pulses from a 15-mc Ra-Be 
source at one foot away from the counter were just 
below the threshold voltage required to operate the 
pulse lengthener. Thus, the gamma-ray pulses, as well 
as the noise background of the amplifier circuits, were 
not transmitted through the telemetering system. 

A calibrated fixed signal of constant amplitude was 
switched into the input circuit of the linear amplifiers 
every 15 min for a period of 8 sec. This served 
as a check on the constancy of the amplifier gain and 
the performance of the whole system during the course 
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of the flight. The calibrated fixed signal was produced 
by a relaxation oscillator employing a small neon bulb 
painted black which gave a constant signal output over 
a long period of time and a wide temperature range. 

The above described frequency-modulated telemeter- 
ing system has a very good noise discrimination char- 
acteristic which is independent of signal fading and 
frequency drift within wide limits. A circuit diagram 
of the complete system" employed in the balloon flight 
is shown in Fig. 3. 

Before each flight the whole gondola containing the 
entire system was put into a vacuum tank which was 
pumped down gradually to 4-cm Hg pressure to detect 
the presence of any possible corona discharge. When 
the background counts of the two counters remained 
unchanged during a period of one hour at 3-cm Hg as 
well as during the pumping down period, the gondola 
was then ready for flight. 

The gondola frame was made of magnesium angle 
strips. The total weight of the gondola, including all of 
its equipment, was about 43 lb. The gondola was 
wrapped in a thin sheet of cellophane paper painted 
partially black, and the temperature inside remained 
fairly constant throughout the flight. 















































Fic. 3. Schematic circuit diagram of counters and associated telemetering system. 


4 A detailed description of the telemetering system is given in a paper by T. Coor which has been submitted for publication in 
Rev. Sci. Instr. 
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TasLe I. June 9, 1948, balloon flight. Counting rates in counts 
per minute (counter background subtracted). 


LUKE C. L. YUAN 


TABLE IT. July 25, 1948, balloon flight. Counting rates in counts 
per minute (counter background subtracted). 











(1) (2) (3) 
Promave Tin-shielded Cd-shielded 
in cm Hg counter 





Cd an Cd ratio 


counter (3) (2)/(3) 


(1) (2) (3) 
Pressure Tin-shielded Cd-shi 
in cm Hg counter counter 


Ided Aift, 


(2)-@) 





Cd ratio 
(2)/(3) 





69.0 1.5+0.8 
57.4 0.9+0.8 

3.341.0 

7.5415 
13.541.7 
24.142.2 
35.942.7 
50.543.2 
54.543.3 
61.743.6 
65.5+3.6 
68.143.7 
62.9+3.6 
62.243.2 
63.543.6 
60.943.5 
65.943.7 
68.543.7 
60.143.5 
70.9+3.8 
60.243.1 
58.9+3.4 
59.743.5 
63.943.6 
58.543.4 
50.543.2 
43.743.0 
39.142.8 
29.5+2.5 
22.742.2 
19.54+2.0 
10.9+1.6 
12.7+1.7 

4.9+1.3 


0.4+0.6 2.343.9 
0.5+0.6 
3.341.1 
6.31.3 

11.5+1.6 

14.7418 

18.3+2.0 

20.7+2.1 

26.142.4 

32.742.6 

29.342.5 

33.94:2.6 

32.342.3 

31.5+2.6 

28.94:2.5 

32.542.6 

28.142.4 

31.542.6 

28.542.4 

35.642.4 

34.142.7 

30.742.5 

25.942.4 

25.342.3 

24.14+2.3 

18.342.0 

17.1+1.9 

14.741.8 

10.1+1.5 
8.54+1.4 
6941.3 
4341.1 
2.340.9 


0.5+1.0 

2.821.2 

4.2+1.9 

7.2421 
12.6+2.7 
21.243.2 
32.243.8 
33.843.9 
35.6+4.4 
37.8+4.4 
38.844.5 
29.0+4.4 
29.94+3.9 
32.0+4.4 
32.044.3 
33.4+4.5 
40.4+4.4 
28.6+4.4 
42.344.5 
24.643.9 
24.8+4.4 
29.0+4.3 
28.0+4.4 
33.244.1 
26.4+3.9 
25.4+3.6 
22.0+3.4 
14.8+3.1 
12.642.6 
11.0+2.4 

4,042.1 

8.4+2.0 

2.6+1.6 
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B. Receiving Equipment 


A Navy type RBF-3 FM receiver with a rotatable 
directional antenna was used for signal reception. As 
shown in Fig. 2(B), the audio signal output from the 
receiver was fed into three separate channels, each 
containing a band-pass filter corresponding to one of 
the three subcarrier frequencies. The filters are followed 
by limiter stages, which minimize the effect of radio 
signal amplitude variations, and then by an FM dis- 
criminator which gives a voltage proportional to that 
particular subcarrier frequency. 

In the two neutron channels the transmitted square 
pulses after detection are integrated and converted back 
into regular pulses whose heights were proportional to 
the duration of the square pulses and hence to the 
logarithm of the amplitudes of the original pulses from 
the proportional counter. 

These pulses, together with the pressure and temper- 
ature signals, were recorded on a galvanometer type 
recorder on three separate channels. In parallel with 
this galvanometer type recorder, two-decade scaler 
units with a predetermined bias were connected to 
register the neutron counts from the two counters. The 
readings of these two scaler units were photographed at 
one-minute intervals in synchronization with the timing 
signals of the galvanometer recorder. Thus, the counting 


60 2.2+0.8 1.60.7 
51 3.81.0 4441.0 
42.5 10.6+1.5 7.041.3 
35.5 18.2+2.0 10.8+1.5 
29 31.242.5 20.042.0 
23 63.842.9 31.042.5 
18.2 82.844.1 52.043.2 
14 118.345.4 64.8+4.0 
11 130.4+5.1 73.643.8 
128.2+5.1 79.4+4.0 
149.0+5.5 80.0+-4.0 
145.2+5.4 82.644.1 
135.4+5.2 81.4+4.0 
138.6+5.3 79.4+4.0 
122.0+2.3 77.2418 
131.045.7 82.045.2 
134.245.2 87.2+4.2 
141.245.3 86.644.2 
136.043.9 82.0+3.0 
139.0+3.9 88.2+3.2 
130.2+3.6 80.0+2.8 
131.2+5.8 
126.044.6 
123.4+5.0 
105.6+4.6 
87.0+4.7 
84.2+4.1 
66.8+3.7 
46.2+3.1 
38.042.8 
26.0+2.3 
18.6+2.0 
11.6+1.6 
7.8+1.3 
51 $.041.1 
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59.2+6.6 
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49.0+7.7 
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54.0449 
50.8+5.0 
50.2+4.6 
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26.6+4.7 
20.843.9 
19.043.4 
13.642.8 
8.642.5 
6.8+1.9 
5.2+1.5 


40.24+2.9 
25.4+2.3 
19.0+2.0 
12.4+1.6 
10.0+1.5 

4.8+1.1 

2.6+0.8 
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rate can be read directly from the photographic records 
if the gain of the linear amplifiers, as shown by the 
calibrated fixed signal, remains constant. 


III. RESULTS AND DISCUSSION 


During the first two flights the balloons ascended to 
a maximum altitude of about 67,000 ft (4.2-cm Hg 
pressure) and then descended gradually. Measurements 
were made during the descent as well as during the 
ascent; thus the data in the descent served as a good 
check on the results in the ascent. In the third flight 
the balloon-borne equipment reached an altitude of 
102,000 ft (0.75-cm Hg pressure) and floated at or 
near that altitude for approximately two hours. After 
five hours of continuous reception, the signal was lost 
before the equipment descended appreciably from its 
maximum altitude. 

In analysis of the results, counting rates averaged 
over five-minute intervals were used as the mean 
counting rate corresponding to the mean pressure in 
that interval. 

The results of the three flights are collected in 
Tables [, II, and III, where the background counts of 
each counter were subtracted from the actual counting 
rate. These background counts were measured at ground 
level by shielding the counters with a cadmium shield ; 
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Taste III. January 8, 1949, balloon flight. Counting rates in 
counts per minute (counter background subtracted). 





(1) (2) (S) 
re Tin-shielded Cd ratio 
(2)/(3) 


counter 


1.6+0.7 
4.6+1.1 
8.4+1.4 
13.0+1.7 
18.8+2.0 
29.2+2.5 
35.642.7 
51.643.2 
64.2+3.6 
84.1+4.1 
95.6+4.4 
126.345.2 
144.4+5.4 
148.6+5.5 
165.85.7 
173.645.9 
172.245.9 
168.6+5.7 
153.4+5.5 
161.845.7 
136.645.2 
130.845.1 
125.4+5.0 
108.8+4.7 
103.4+4.6 
98.0+4.4 
98.644.5 
86.044.2 
81.4441 
77.4+4.0 
101.343.2 
82.642.9 
83.02-4.1 
93.1+0.6 


(4) 
Cd difference 
(2)-(3) 
1.2+0.9 
3.6+1.3 
4.24+1.7 
7.0+2.0 
11.64+2.4 
17.2+3.0 
16.6+3.4 
33.843.7 
36.2+4.3 
44.4+5.0 
50.0+5.4 
74.2+6.2 
79.4+6.5 
734+6.7 
86.4+7.0 
91.2+7.2 
81.2+7.3 
81.54+7.0 
71.0+6.9 
76.0+7.1 
52.6+6.6 
49.6+6.5 
§8.0+6.2 
52.2+5.8 
46.8+5.7 
41.2+5.6 
35.6+5.8 
30.2+5.4 
27.645.2 
22.2+5.3 
36.1441 
21.5+3.8 
30.0+5.3 
25.9+0.8 


hialded 


counter 


0.4+0.6 
1.00.7 
4.2+1.0 
6.0+1.2 
7,241.3 
12.0+1.6 
19.04+2.0 
17.841.9 
28.0+2.4 
40.442.9 
45.643.1 
52.643.3, 
65.043.6 
75.24+3.9 
79.4+4.0 
82.4+4.1 
91.0+4.3 
87.1+4.1 
82.4+4.1 
85.824.2 
84.0+4.1 
81.2+4.0 
67.443.7 
56.643.4 
56.8+3.4 
56.8+3.4 
63.04:3.6 
55.843.4 
53.843.3 
55.243.4 
65.242.6 
61.1+2.5 
53.043.3 
67.2+0.5 





in cm Hg 





4.0+6.3 
4.643.4 
2.00.6 
2.2+0.5 
2.6+0.5 
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they amount to about one count per minute for the 
counters employed. They were due mainly to the alpha- 
contamination of the surface of the counter electrode. 

The altitude dependence of the neutron intensity in 
the atmosphere obtained during the three balloon 
flights is shown in Figs. 4, 5, and 6, where the counting 
rate is plotted against the pressure in centimeters of 
Hg. Figure 4 represents the data obtained by means of 
two identical 20-cm-Hg-pressure BF; counters with a 
calibrated effective cross section of 6.30.6 cm? for 
thermal neutrons (see Appendix A). The upper curve 
A gives the counting rates obtained from the tin- 
shielded counter, curve B that from the cadmium- 
shielded counter, and curve C that from the difference 
of the two. Figures 5 and 6 show the results obtained 
with similar BF; counters but with 50-cm Hg pressure, 
i.e., counters with about twice as great efficiency. The 
results obtained from the three flights agree well 
among themselves in the positions of the maxima as 
well as in the rate of increase, which is also in good 
agreement with that obtained previously at lower 
altitudes.** 

The tin-shielded counter (curve A) shows a maximum 
counting rate at 7.5 cm Hg; the cadmium-shielded 
counter (curve B) shows a maximum at 6.5 cm Hg; 
and the cadmium difference (curve C) has a flat maxi- 
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mum around 8.5 cm Hg. The slow neutron (E< 0.4 ev) 
intensity, N, increases exponentially with decreasing 
atmospheric depth to a pressure of about 20 cm Hg. 
The absorption depth, i.e., the quantity A in the 
expression WV = Noe~*!*, is A=156 gcm~. The corre- 
sponding absorption coefficient is y= 1/A=6.4X10~* 
cm*/g. Both the tin counter (which measures fast as 
well as slow neutrons plus the effect due to recoils and 
stars produced in the shield, etc.) and the cadmium 
counter (which measures only the fast neutrons plus the 
effect due to recoils, stars, etc.), show the same slope 
of increase in counting rate* up to about 20 cm Hg. 
Above the maximum, the counting rate of the tin 
counter decreases much more rapidly with increasing 
altitude than that of the cadmium counter, with the 
result that the slow neutron intensity (curve C, Fig. 6) 
drops sharply to about one-fourth of its maximum value 
at 0.75 cm Hg. If one extrapolates this curve up to the 
very top of the atmosphere, approaching zero pressure, 
one finds that the slow neutron intensity drops almost 
to zero. 

For comparison, the values of absorption depth A, 
obtained in other processes involving the production 
of neutrons, are as follows. (1) For ionization bursts 
by Rossi, Williams, Bridge, and Hulsizer'® below 20-cm 
Hg pressure, A= 138 g/cm?; by Coor,"* A= 160 g/cm’. 
(2) For nuclear disruptions or stars in photographic 
plates by Perkins'* between sea level and 44 cm Hg, 
\= 140 g/cm?, and by George,!? A= 150 g/cm?. 


NEUTRON DENSITY 
FREE 
TW COUNTER, ASCENT # oEScent | ——— 
CAQMEUM COUNTER, ASCENT } DESCENT 
CADMUM DIFFERENCE ———=— 
JUNE 9, 1948 


COUNTS PER MINUTE 


° 20 40 30 


3 
PRESSURE IN CM HG 


Fic. 4. Balloon flight made at geomagnetic latitude 51° 46’ N on 
June 9, 1948, using a pair BF; counters (20 cm Hg pressure). 


4s The balloon floated at an altitude corresponding to about 
0.9-cm Hg pressure for nearly two hours and the average value 
for the cadmium difference obtained for this altitude was 25.9+0.8 
counts per minute. 

6B. Rossi and R. W. Williams, Phys. Rev. 72, 172 (1947); 
H. Bridge and B. Rossi, Phys. Rev. 71, 379 (1947) ; R. I. Hulsizer, 
Phys. Rev. 73, 1252 (1948). 
oo H. Perkins, Nature 160, 707 (1947); Nature 163, 319 

949). 

17 E. P. George, private communication. 
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Fic. 5. Balloon flight made at geomagnetic latitude 51° 46’ N on 
July 25, 1948, using a pair of BF; counters (50 cm Hg pressure). 


For further comparison, the position of the maximum 
in the vertical intensity distribution for the soft compo- 
nent of the cosmic radiation at geomagnetic latitudes 
greater than 45° N is at about!® 11.5 cm Hg and that 
for the total radiation" is at about 10 cm Hg, according 
to measurements made by Millikan, Pfotzer, et al.,'* by 


Fic. 6. Balloon flight made at geomagnetic latitude 51° 46’ N 
on January 8, 1949, using a pair of BF; counters (SO cm Hg 
pressure). 


means of balloon-borne equipment up to an altitude of 
about 2.5 cm Hg. The maximum for the integrated 
total intensity of the cosmic radiation is about 4.1 cm, 
according to the measurements of Van Allen, ef al.,?° 
using V-2 rockets up to an altitude above the appreci- 
able atmosphere at a geomagnetic latitude of 41° N. 

As will be described later, the counters used in the 
flights were calibrated experimentally against a stand- 
ardized neutron source. Those employed in the second 
flight (July, 1948) had an effective cross section of 
11.3+1.1 cm* and those employed in the third flight 
(January, 1949) had an effective cross section of 
12.6+1.2 cm?, all for neutrons of thermal energy. 
Division of the observed counting rates by these effec- 
tive cross sections would give the neutron flux in 
particles per cm? and per unit time, if the neutrons had 

18 B. Rossi, Rev. Mod. Phys. 20, 537 (1948). 

19 Millikan, Neher, and Pickering, Phys. Rev. 63, 234 ig 
G. Pfotzer, Z. Physik 102, 23 (1936); H. Carmichael and E. G 
Dymond, Proc. Roy. Soc. (London) A171, 321 (1939). 


20 J. A. Van Allen and H. E. Tatel, Phys. Rev. 73, 245 (1948); 
Gangnes, Jenkins, Jr., and Van Allen, Phys. Rev. 75, 57 (1949). 
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thermal energy. Actually they do not. The 1/ absorp- 
tion of nitrogen cuts out the lowest energies, and the 
most probable energies will be of the order of 0.1 ev, 
instead of 0.02 ev. This circumstance greatly compli- 
cates the determination of the absolute neutron flux. 
Fortunately, a quantity of greater physical interest 
than the flux, the number of neutrons, s, absorbed per 
gram of air and per second, is much less affected by 
uncertainties in the form of the spectrum of slow 
neutrons. More specifically, one may note that 193 
grams of air have the same absorption cross section 
for thermal neutrons as does a counter with an effective 
response cross section of 10.6 cm? for thermal neutrons. 
For slow neutrons of other energies the boron trifluoride 
counter will of course have a different cross section, but 
will still be equivalent in neutron absorbing power to 
the same mass of air. This result is an obvious conse- 
quence of the fact that both nitrogen and boron follow 
the (1/v) law at the low energies which are of interest 
here. We conclude that the number of counts in the 
boron counter gives directly the number of neutrons 
absorbed per second in a certain mass of air which is 
fixed once and for all and which may be considered for 
our purposes to be independent of the shape of the 
neutron spectrum, 

However, when the cadmium -difference counts are 
used instead of the counting rate obtained from a single 
unshielded counter, the air mass equivalent of the 
counter as described above must be corrected in order 
that it may be applied to the cadmium-difference 
counts. A brief description of the correction procedure 
is given below. 

Let A(E)=(1/vinermal)2a%o7a for all atoms in one 
gram of air, where » is the velocity of neutrons and o, 
is the absorption cross section of air atoms. For low 
energy neutrons A(Z) is constant and is found to be 
0.055 cm?/gm, since o4 follows (1/v) law in this energy 
region. 

Let B(E) = (0/vthermai) X effective cadmium-difference 
response cross section of boron counter to an isotropic 
flux. Then the air mass equivalent of the cadmium- 
difference counter is given by 


facnan/anae / fs@@anaz 


= f B(E)(df./dE)dE/0.055, (1) 


where (df,/dE) represents the fraction of the neutrons 
in 1 cc of air which lie in a unit energy range at £. 
[The same result can be expressed alternatively by 
introducing the conception of “sweepage,” that is, the 
product of cross section by neutron velocity. This 
quantity is the most convenient measure of absorbing 
power of an atom or material which follows the 1/9 law. 
It has the physical dimensions of cm/sec. In the present 
considerations what matters is, of course, the ratio of 
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the sweepage by the counter and the sweepage by one 
gram of air. The ratio will obviously be unaltered by 
dividing the two sweepages by the same constant. The 
quotient of the sweepage of a gram of air divided by 
thermoneutron velocity, which received above the 
name A(Z£), this quantity having the dimension of 
square centimeters, is a little easier to visualize than 
the sweepage itself. Similarly, B represents the counter- 
sweepage divided by the same constant. ] 

For convenience, we compute the effective cadmium- 
difference response cross section (vihermai/v)B(Z), for 
two limiting idealized cases: viz, (a) for a boron counter 
of spherical geometry and (b) for the opposite limiting 
case of a layer of BF; gas confined between two infinite 
parallel sheets. 

(a) Spherical counter. Consider a spherical boron 
trifluoride counter of radius R. The response cross 
section of the whole counter with no cadmium present 
is equal to (?hermai/?)X10.6 cm*. Therefore, the re- 
sponse cross section of one cm* of counter= (0ihermsi/?) 
X (3X 10.6/42R*)cm?, which holds either for isotropic 
flux or for flux in the x-direction because of the spherical 
symmetry. 

Now consider the case of unit flux in the x-direction 
with cadmium present. Then the effective response 
cross section owing to neutrons striking surface between 
angular limits @ to 0+d0(0<@< 7/2) is 


Uthermal 3X 10.6 
4rR? cos*6 sind 
v 4rR? 


—Cd(E) 
is, SF ee, [R? cos*@+i(2R+#) ]'—R cos6} 


where exp[—Cd(E)] is the fraction of a normally 
incident neutron beam of velocity v which penetrates a 
sheet of cadmium of thickness ¢. Hence, the response 
cross section of the cadmium covered counter is, after 
substituting «=cos0, 


Vthermal ' ae Cd(£) 
10.6 f 3u? 
v 0 


exp————— 
i 


 {[R%?+2(2R+1)]}'—Ru}du. (2) 


Consequently, we conclude that in the idealized case of 
spherical geometry the cadmium-difference response 
cross section of the boron counter is 


—Cd(E) 


Uthermal Uthermal . 
B(E)= 10.6( 1-3 f u? exp—— 
v v 0 t 


x [RW 4 102R+)})—Rudu), (3) 


The quantity B(£) is plotted as a function of energy in 
Fig. 7 (curve A) by taking R=5 cm, which was obtained 
from the effective volume of the cylindrical counter used 
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in the measurements. The values of the exponential 
integral were obtained by numerical integration. The 
quantity Cd(Z) represents the decrement in napiers of 
a normally incident neutron beam and was calculated 
from the thickness, 0.305 g/cm?, of the cadmium foil, 
and from the curve of cadmium cross section as a 
function of energy given by Rainwater, Havens, and 
Wu. 

Froin the values of B(Z) given in Eq. (3) and using 
the values for the neutron distribution in the atmos- 
phere calculated by Kouts,” we get, 


f B(E) (df./dE)dE=2.78 cm’. (4) 


(6) Parallel plane counter. Now consider the limiting 
idealized case of a layer of boron trifluoride gas confined 
between two infinite parallel sheets of cadmium, the 
analogous calculation gives, for case of isotropic inci- 
dence the cadmium-difference response cross section 


(Phermai) (B(E) = (Uhermai/?) 10.6 


x -f sin0 expl—Cd(E) costo} (5) 


or by substituting u=cos@, we have 
2 


B(E)= 1061 —Cd(E) u~ exp(— wan (6) 


Cd(B) 


The values of B(Z) given by Eq. (6) are also plotted 
in Fig. 7 (curve B). Hence 


f “B(E) (df/dE)dE=2.93 cm?. (7) 
0 


COUNTER 


NCE RESPONSE CROSS SECTION 
OF 


X EFFECTIVE CADMIUM DIFFERE! 


ie 


v 
Vw 


ENERGY IN ev 
Fic. 7. Calculated effective cadmium-difference response cross 


section of a spherical and a parallel plate counter. Curve A is for 
the spherical counter, and curve B is for the parallel plate counter. 


*! Rainwater, Havens, and Wu, Phys. Rev. 71, 65 (1947). 
* Kouts, Wheeler, and Whyte, to be published. 
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Taste IV. Air mass equivalents of counters used, calculated 
on basis of thermal neutron cross section of 5.30X10-* cm* per 
gram of air.* 





Observed effective response 
cross section for thermal 
neutrons from pile 
(cm?) 


Calculated 
ir 


Counter name 





Standard 10. 
June, 1948, flight 6. 
July, 1948, flight 11. 
January, 1949, flight 12 


6 
3 
3 
6 








* This value was given as the most probable absorption cross section of 
nitrogen for thermal neutrons by H. H. Goldsmith, Committee on Nuclear 
Science, National Research Council. 


It is seen from Fig. 7 that the difference between the 
curves for the idealized spherical and plane counters is 
small. Moreover, in the energy range where the differ- 
ence is greatest, the equilibrium neutron density in air 
has fallen to a very low value. From Eqs. (4) and (7) 
the integral  B(E)(df./dE)dE has in the two idealized 
limiting cases, respectively, the values 2.78 cm? and 
2.93 cm?, a difference of only 5 percent. We adopt the 
average value 


i B(E) (df./dE)dE= 2.86 (8) 
0 

for the actual intermediate case of cylindrical geometry. 
Thus, we get the air mass equivalent of the particular 
cadmium difference counter: 


2.86/0.055= 52.0 g. (9) 


Similar calculations for the air mass equivalent of 
other counters used in these experiments give the 
results listed in Table IV. 

Thus it is only necessary to divide the tabulated air 
mass equivalent of the appropriate counter into the ob- 
served cadmium difference counting rates (Figs. 4, 5, 
and 6) to obtain the absolute number, s, of neutrons ab- 
sorbed per gram of air and per unit time. 

In order to compare the results represented by the 
curves A, B, and C in Figs. 4, 5, and 6, one must take 
into account the respective air mass equivalents in the 
two cases. From Fig. 6, curve C, the actual counting 
rate of the slow neutrons at the maximum (at 8.5 cm 
Hg) is 86+4 counts/min (January counter), and its 
counting rate reduced to the same July counter sensi- 
tivity as in Fig. 5 amounts to 78+7 counts/min. The 
slow neutron counting rate from curve C, Fig. 7, at 
8.5 cm Hg is 60+6 counts/min (June counter) and the 
counting rate from Fig. 6(c) reduced over to the July 
counter is 63-5 counts/min. Thus, the slow neutron 
intensity measured in the January, 1949, flight is higher 
by about 20 percent than that obtained in the June 
and July, 1948, flights; but the difference between these 
results is so close to the statistical error of the experi- 
ment that one cannot draw a definite conclusion, even 
though the June and July results are in very good 
agreement. On the other hand, if this difference is real, 
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it might conceivably be attributed to the time variation 
of the neutron component of the cosmic radiation. In 
regard to the time variation of cosmic radiation, Jesse* 
found an approximate 14 percent increase in the total 
cosmic radiation intensity at high altitude in early 
spring over early summer at Chicago between October, 
1938 and November, 1939. Millikan and Neher™ 
observed a similar increase in the total intensity of 
about 9 percent in December, 1938, over September, 
1937, at Omaha, Nebraska. 

The cadmium ratio, obtained by taking the ratio 
between the counts from the tin-shielded counter to 
those from the cadmium-shielded counter is of the 
order of 2 over the depth of 50 cm Hg to 4 cm Hg. 
Figure 8 (A, B, and C) shows the values of the cadmium 
ratio obtained at various altitudes for the three flights, 
respectively. It seems to show that the cadmium ratio 
is approximately constant above 4 cm Hg, having a 
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Fic. 8. Cadmium ratio as a function of altitude. 


value of about 2, but then decreases gradually as the 
pressure decreases and reaches a ratio of 1.4 at 0.9 cm 
Hg. This is probably due to the increasing contribution 
of the non-neutron counts and to the decrease in the 
slow neutron counts when approaching the top of the 
atmosphere. On the other hand, the cadmium ratio 
calculated from Eq. (8) is 10.6/(10.6—2.86) = 1.4, which 
is lower in value than the experimental ratio of 2. This 
difference is probably due to the neglect of the molecular 
scattering of slow neutrons in the moderation process 
in calculating the energy distribution of the air neu- 
trons.” The molecular scattering effect is difficult to 
estimate but Bagge and Fincke"™ have shown that such 
effects can improve the agreement between the theo- 
retical and experimental cadmium ratios. 

In the present experiments two identical counters 
were used simultaneously, one enclosed in tin, the other 


%W. P. Jesse, Phys. Rev. 58, 281 (1940). 
*R. A. Millikan and H. V. Neher, Phys. Rev. 56, 491 (1939). 












in cadmium. The non-neutron counts are of the same 
magnitude in both counters, and they cancel out. 
Consequently, the difference of the counts should give 
the true counting rate due to slow neutrons. 

From the above results and from the air mass 
equivalents of the counters one can calculate the abso- 
lute number of slow neutrons absorbed in one gram of 
air per second. For example, at a pressure of 20 cm Hg 
there were observed 0.83 counts per second, in the 
January counter, for which the equivalent air mass is 
calculated to be 62.0 cm?; thus, we find for s, the slow 
neutron absorption rate in air amounts to 1.3X10~* per 
gram per second. This would be, in equilibrium, the 
neutron production rate in the atmosphere if (1) no 
fast neutrons were captured by nitrogen and oxygen 
and (2) no fast neutrons were lost (or gained) by 
diffusion to (or from) other levels in the atmosphere. 
At the 20-cm level the curve of neutron intensity (not 
the logarithm of neutron intensity) as a function of 
altitude is neither strongly convex upward, as at the 
maximum, nor strongly concave upward as lower in the 
atmosphere. Consequently, it is reasonable to conclude 
that neutron diffusion has relatively little effect at this 
altitude in redistributing the neutrons. In view of the 
losses during moderation it is therefore to be expected 
that the slow neutron absorption rate at 20 cm is a 
lower limit on the neutron production rate at this 
elevation. 

It is of some interest to compare this value with the 
proton production rate in the atmosphere. At 8.9-cm 
Hg pressure the value for the proton production rate 
obtained by Coor"* is 0.015/g-sec and the lower limit 
of the neutron production raté extrapolated to this 
altitude is 0.034/g-sec. The ratio of the proton to 
neutron production rate thus calculated is 0.015/0.034 
=0.44. Actually, the ratio must be smaller still because 
the figure 0.034 employed here is the lower limit of the 
neutron production rate. 

By integration of the slow neutron counts from the 
ground up to the top of the atmosphere, one finds the 
number of slow neutrons absorbed per cm? of the 
earth’s surface per second at the latitude of Princeton 
is 7.1. 

The author wishes to express his sincere gratitude to 
Professor R. Ladenburg, with whom this series of 
neutron experiments was initially started, for his gen- 
erous advice and helpful suggestions ; to Professor John 
A. Wheeler for his constant encouragement and many 
valuable discussions; to Messrs. T. Coor and F. J. 
Darago for their technical assistance in the construction 
and adaptation of the telemetering system to the 
present experiment; to Mr. David Hill for his kind 
assistance in carrying out the measurements and calcu- 
lations of the counter calibration at the pile of the 
Argonne National Laboratory and for the contribution 
of Appendix B; to Mr. Herbert Kouts, who kindly let 
the author use his theoretical results on the energy 
distribution of air neutrons; to Dr. N. Hilberry, 
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Associate Director of the Argonne Laboratory, for the 
opportunity to secure a calibration of our counters; to 
Dr. D. J. Hughes and Mr. C. Eggler for their help in 
fitting this measurement into the Argonne program. 


APPENDIX A. STANDARDIZATION 


Although the cross section of boron for neutrons of various 
energies is well known and one can calculate the efficiency of a 
BF; counter theoretically, it is necessary in practice, owing to 
factors such as the geometry and the effective volume of the 
counter, absorption due to counter walls, etc., to calibrate the 
counter sensitivity experimentally. In this way were obtained the 
values of counter cross section which are referred to in the pre- 
ceding section. 

Through the courtesy of the Argonne National Laboratory, 
the sensitivity of the BF; counters used here was calibrated 
against its standardized neutron source. A brief description of the 
calibration procedure is given below. The detailed computation 
for the calibration was carried out by D. Hill, and is described in 
Appendix B. 

The counter to be calibrated was placed in a beam of thermal 
neutrons of known intensity distribution emitted from the pile 
at the Argonne Laboratory. It was a 50-cm-Hg-pressure BF; 
counter (96 percent B') and was operated at its voltage plateau 
region under the same conditions under which it was being used 
in the experiment. 

The counter was checked with a Ra-Be source (15 mc) sur- 
rounded by a paraffin cylinder at a fixed geometry both before 
and after the standardization to make certain that the perform- 
ance of the counter remained unchanged throughout the calibra- 
tion. 

A similar counter used by Agnew, Bright, and Froman*® was 
lent to the author and was put beside our counter separated by 
a distance of one foot. 

A comparison of the sensitivities of the two counters was made 
by using the same electronic circuits and by operating in the 
respective plateau regions. An average of six measurements at 
six different angular positions of the counters was taken in order 
to eliminate the effect due to anisotropy of the neutron beam. 
For the same neutron flux, the counter used by the author was 
found to give 2.32 times the counting rate of that used by Agnew, 
Bright, and Froman, whereas the ratio of the sensitivities calcu- 
lated from gross volume and pressure is 2.48. 

The above measurement with the 15-mc Ra-Be source also 
gave a secondary standardized neutron source for subsequent 
calibrations. 


APPENDIX B. CALIBRATION OF BF, COUNTER 


The BF; counter was calibrated by observation of its counting 
rate in a spray of thermal neutrons scattered by a graphite wall 
10 cm thick placed in a beam emerging from the Argonne heavy 
water pile, and by comparison of this counting rate with the 
saturated beta-activity acquired by indium foils placed about 
the boron counter in such a manner that their average activation 
should correspond to the average neutron flux impinging upon 
the counter. It was found that the bare counter presented an 
effective cross section of 9.6 cm* to thermal neutrons; but this 
result is subject to two small corrections deriving from the fact 
that the response of the indium foils (1) involves the influence of 
the moderator present upon the self-absorption in the foils, and 
(2) depends upon the isotropy of the neutron atmosphere. 

The calibration of the indium foils themselves is made by 
irradiating them in a solid graphite pile at a position in which 
the thermal neutron flux is known and isotropic. On the other 
hand, in our counter calibration the foils under irradiation are 
supported upon a light sheet metal structure suspended in mid-air. 
The difference in scattering materials about the foils in the two 
cases must be expected to change the perturbation in the neutron 
density caused by the absorption of neutrons in indium. To 
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establish the amount of this effect, Mr. C. Eggler kindly performed 
a subsidiary measurement in which he compared the specific 
saturated activity for irradiations in air and in graphite of a 
standard indium foil (92.3 mg/cm*) with that of a very thin 
indium deposit (0.423 mg/cm; negligible self absorption) on an 
iron foil finding 
(A thin) /(A thin) _ 
(A stan)/ (A stan) 
(air) (graphite) 
If all of the neutrons striking the boron counter-indium foil 
assembly were monodirectional, proceeding from the primary 
scatterer only, the activity induced in the indium foils would be, 
as is easily computed, 1.29 times greater for the arrangement 
chosen, in which the normal to the indium foils made an angle 
of 55° with the line from the foils to the primary scatterer, than 
the activity if the neutrons were isotropic. The degree of isotropy 
was easily checked by observation of the counting rate in a 
boron counter which was sheathed in cadmium over all of its 
surface except one end; it was found that the counting rate 
changed in a gradual manner from a maximum when the counter 
window pointed directly toward the primary scatterer to a 
minimum, equal to one-fourth the maximum, when the window 
pointed away from the primary scatterer. We thus conclude that 


0.95. 
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most of the neutrons striking the indium foil assembly have been 
scattered in by objects other than the primary graphite scatterer. 
We also note that the unshielded boron counter responds in 
approximately the same manner as do the indium foils to devia- 
tions from isotropy, since the arrangement kept the axis of the 
counter parallel to the planes in which the foils were mounted; 
but the effect in the counter is smaller from the circumstance that 
neutrons passing perpendicularly through the counter along a 
diameter experience a fractional reduction in intensity of 0.05, 
whereas for neutrons passing perpendicularly through a standard 
indium foil the reduction is 0.092. This study leads us to estimate 
the effect of nonisotropy in the neutron atmosphere as producing 
a correction of about 5 percent. 

These two corrections then lead us to write for the detection 
cross section of the counter: 10.6.1 cm?. 

Adopting for the mean cross section of a nitrogen molecule for 
absorption of thermal] neutrons the figure 2X 1.7 10-™ cm?, we 
may say that the number of counts is the same as the number of 
neutrons absorbed in a mass of air of 10.6 cm*/(U.055 cm*/gm air) 
= 193 gm air (for single unshielded counter). 

This air mass equivalent of the counter is derived from calibra- 
tion for thermal neutrons. As the cross sections of both boron and 
nitrogen follow the 1/» law, the same air mass equivalent will 
apply for unshielded counters to slow neutrons of all energies. 
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(n,2n) and (n,p) Cross Sections* 
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Cross sections of several (m,2n) and (m,p) reactions were measured by bombarding samples with a known 
flux of neutrons and measuring the induced beta-activity, making elaborate corrections for self-absorption 
of the beta-rays. Using the known energy spectrum of the incident neutrons, calculations were made of the 
cross sections to be expected from Weisskopf’s statistical theory, and the agreement was satisfactory. The 
results indicate that level densities in odd-odd nuclei are greater than those in even-even guclei by a factor 
of 31. Applications of the method to shielding and the use of threshold detectors are discussed. 


I. INTRODUCTION 


N interesting result of nuclear statistical theories is 

the prediction of cross sections of nuclear reac- 

tions which predominantly proceed through energy 
states of excitation sufficiently high that resonances are 
very closely spaced and can thus be meaningfully 
averaged over. (n,2n) and (n,p) reactions are particu- 
larly simple examples of these, since the incident particle 
faces no Coulomb barrier, whence the cross section for 
the formation of the compound nucleus is zr? (r is the 
nuclear radius). The cross section for an (,2m) reaction 
is then zr* times the probability that the compound 
nucleus will decay by emission of two neutrons which, 
considering neutron emission as much more probable 
than any other mode of decay, is just the probability 
that the first neutron is emitted with low enough energy 


* Assisted by the ONR. 

+ A section of doctoral dissertation submitted in partial fulfill- 
ment of the requirements for the degree of Doctor of Science. 

t Present address: Oak Ridge National Laboratory, Oak Ridge, 


Tennessee. 


to leave emission of a second neutron energetically 
possible. Considering the first neutron to be emitted 
with an energy spectrum approximating a Maxwell 
distribution with temperature, 7, gives! 

o(n,2n) = xr°[1—(1+AE/T) exp(—AE/T)], (1) 
where AE= E—B, E=energy of incident neutron, and 
B=threshold of the reaction. 

In the case of (,p) reactions, emission of a proton is 
impeded by the coulomb barrier, causing it to be much 
less probable than emission of a neutron (inelastic scat- 
tering) with which it competes, whence 

o(n,p) = a9 fp/(fntfr)~a’fo/ fry (2) 
where f, and f/f, are the relative probabilities of the 
compound nucleus decaying by emission of a proton 
and neutron. Methods of calculating these quantities 
are given by Weisskopf.' 
~ 18 V. Weisskopf, Lecture Series in Nuclear Physics (U. S. Govt. 
Printing Office, Washington, D. C., 1947). > V. Weisskopf and 


Ewing, Phys. Rev. 57, 472 (1940).* V. Weisskopf and J. M. Blatt, 
M.I.T. Technical Report No. 42 (May 1, 1950), unpublished. 
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TABLE Ia. (n,2n) reactions studied. 
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Taste Ib. (#,p) reactions studied. 








Original Material 


nucleus used Method Other activities observed 


Half-life 
















Material 


Original 
used 


nucleus Method Other activities observed 


Half-life 

















N* NH,NO; 10.1 min 1 None 
Urea 
Fis LiF 112 min 1 None 
ps Ca;P2 2.55 min 1-2  2.5-hr Ca(n,y); 170-min 
-r, hos. P(n,p 
K*® COs 7.5 min 3 12.4 hr (#,y); 38.5-min 
KCOOH (ma 
Ti* Ti metal 3.08 hr 1-2 57-hr (#.p); 44-min 
powder n,p) 
Cr Cr.0; 42 min 2 3.9 min (n,p) 
Fe* Fe metal 8.9 min 2 = 2.59-hr (#,p); (8.9-min 
not observed 
Ni®* Ni metal 36 hr (1)-3 2.6-hr (#,y); 72-day 
(n,p) 
Cu8® Cu®O* 10.1 min 2 5-min (n,y); 12.8-hr 
(n,v 
Zn™ Zn metal 38.3 min 3 13.8-hr (n,y); 5M(n,p); 
57-min (n,) 
Ga® Ga,0; 68 min 2 ep (m,y); 14.1-hr 
As” As,0; 16 days (1)-2 26.8-hr (n,y) 
Rb® Rb:CO; 6.5 hr 2 a ns (n,y); 19.5-day 
(, 7) (6.5 hr not ob- 
rved) 
Zr” ZrO, 78 hr 3 62 oy (n,p); 17-hr (n,y) 
Ru%® Rumetal 20 min 3 Long; (20 min not ob- 
powder served) 
Ag’? Ag metal 24.5 min 1-2. 2.3-min (,y); 13-hr 
(n,p); ~40 day ??? 
Sb™ Sb,0; 16 min 1 2.8-day (n,y) 
yr NH,I 13 days (1)-2 25-min (#,7) 
Pritt PreOn 3.5 min 2 Long 








* Obtained from Isotope Division, AEC, Oak Ridge, Tennessee. 
Methods designated as 1, 2, and 3 described in Sec. II. Parenthesis indi- 
cates method was not carried out thoroughly. 


Il. EXPERIMENTAL PROCEDURE 
Incident Neutrons 


The cross sections of several (,2m) and (n,p) reac- 
tions, as given in Table I, were obtained by irradiating 
samples with neutrons and measuring the induced beta- 
activity. The neutrons were obtained by bombarding 
an internal thick beryllium target with 15-Mev deu- 
terons in the University of Pittsburgh cyclotron. Their 
energy distribution was determined by observing recoil 
protons in photographic emulsions’ and in a triple coinci- 
dence anticoincidence counter telescope,’ and is shown in 
Fig. 1. The beam intensity was monitored by the 24.5- 
min activity due to Ag!"(n,2n)Ag'®, except for a few 
long-lived activities which were monitored by the 
14.8-hour activity from Mg”™(n,p)Na*. 

The absolute intensity was determined from the 
known cross section‘ of S*(n,p)P*, which gives results 
shown’ to be in agreement with determinations based 
on the cross sections of uranium and thorium fission, 
and the reaction P*!(n,p)Si*!. A confirmation in the high 
energy region is discussed in Sec. IV. 


2 B. Cohen, Carnegie Inst. Tech. Report No. 4 (May 20, 1950), 
unpublished. 

* Falk, Carnegie Inst. Tech. Report No. 5 (June 1, 1950), un- 
published 
‘E. D. Klema and A. O. Hanson, Phys. Rev. 73, 106 (1948). 
5 Allen, Nechaj, Sun, and Jennings, Phys. Rev. 76, 188 (1949). 





ow Sugar 8 sec 3 2.1-min (n,2n) ; long 
M Mg metal 148 hr 1 10.2-min (n,7). 
Al Al metal 10.2 min 1 2.4-min (n,7) 
Si*8 H,SiO; 2.4 min 1 ay (n,y); 6.7-min 
n,p 
Si*® H,SiO; 6.7 min 1 a (m,y); 2.4-min 
n, 
pa NH,PO, 170 min 1-2 2.5-min (#,2n) 
Red phos. 
S* Flower of 14.3 day 1-2 None 
sulfur 
Ca® CaOH 12.4 hr (1)-2 2.5-hr (n,y) 
Ti* Ti metal 44 hr 1 3.08-hr (#,2n); 57-min 
powder (n,p) 
Ti* Ti metal 57 min 1-2 3.08-hr (,2m); 44hr 
powder (n,p) 
Cr@ Cr,0; 3.9 min (1)-2 42-min (#,2m); long 
Fe* Fe metal 2.59hr (1)-2 None 
Nis Ni metal 72 day (1)-3 oe - fn); 36-hr 
n,2n 
Cu® Cu metal 2.6 hr (2)-3 10.1-min (#,2n); 5-min 
(n,y); 12.8 hr (#,y) 
Zn® Zn metal 5 min 1 57 min (n,y); 13.8 hr 
: (n,7); 38 min (#,2n) 
Ge” GeO, 20 min 2 89 min (#,7) 
Se” Se metal 26.8 hr 2 None 
powder 
Se” Se metal 40 hr 3 26.8-hr (#,p); (40 hr not 
powder observed) 
Rb Rb:CO; 74 min 3 17.8-min (n,y); lo 
(74-min not observed 
Sr8 SrC.0, 17.8 min 1 2.7-hr (n,y) 
Zr” ZrO: 62 hr 3 78-hr (n,2n) 
Mo” Mometal 75 min 3 shy er (n,¥); oa 
5-min not observ 
Ru Rumetal 14min 2 Long; (14min not ob- 
powder servi 
Ag Ag metal 13 hr 2 ~—2.3-min (n,7); 24.5-min 
(n,2n); 40 day ??? 
Ba“* BaOH 33 min 3 85-min (nv); pone - 
min. not obse' 
La¥* La,O; 85 min 3 40-hr (n,y); Soin 


doubtfully observed) 








Correction for Self-Absorption of Beta-Rays 


The samples, which were in the form of 1} in. diam- 
eter pills, were counted with a thin windowed end 
counter. By insertion of various thicknesses of aluminum 
between the pills and the counter, it was found that 
beta-rays were absorbed according to 

N~e™, (3) 
where J is the counting rate with a thickness of alu- 
minum, ¢ (in mg/cm?), interposed, and y=i/a. Here, 
a is a constant which was found to be independent of 
absorber material. For calculation of self-absorption, 
Eq. (3) must be integrated through the thickness of the 
pill, giving the percentage transmission, 7, as 


T=(1—e~")/y. (4) 


Equations (3) and (4) form the basis of two methods 
of determining a: (1) by measuring relative activities 
with various thickness of aluminum between the pill 
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Fic. 1. Energy distribution of incident neutrons (from references 
2 and 3). 


and window (aluminum absorption), and (2) by meas- 
uring the relative activities from pills of various 
thickness (thin pill). Determinations of a by the two 
methods are shown plotted against the maximum beta- 
energies of the activities in Fig. 2. 

The following methods were then used for deter- 
mining cross sections: 


Method 1. The best value of a was obtained by averaging the 
values from thin pill and aluminum absorption determinations, 
giving some weight to line A of Fig. 2. The corrected activity was 
then found by an extrapolation of the thin pill activities to zero 
thickness by use of Eq. (4). 

Method 2. As can be shown from Eq. (4) (see reference 2), the 
ratio of the observed to the corrected activity of a thick pill 
(>a) is dependent only on a, which was determined by aluminum 
absorption. Corrections were applied for the change in pill to 
counter distance, and for deviations from Eq. (3). This method 
was used where sufficiently thin pills (<a) were difficult to 
prepare or could not be given sufficient activity for good counting 
statistics. 

Method 3. In cases where determinations of activities were not 
sufficiently accurate (due to large corrections for background 
activities) for a determination of a, it was obtained from line A 
of Fig. 2, and used to correct thin pill or thick pill activities. 


Other Corrections 


Studies were made of the effect of backscattering 
from the pans on which the samples were supported, 
and of beta-absorption in air and in the counter window, 
and corrections for these (seldom more than 10 percent) 
were applied. 


Ill. (n, p) CROSS SECTIONS 


The experimentally observed (m,p) cross sections in 
the cyclotron beam are listed in Table II and plotted® 
vs atomic number in Fig. 3. The first conclusion ob- 
tainable from Table II is that even-even elements have 
larger (,p) cross sections than even-odd and odd-even 
ones. This can be understood in view of the fact that 
the density of levels in odd-odd nuclei (the result of an 
(n,p) reaction in an even-even element) is larger than 
in even-even nuclei (the result of an (m-n) reaction) 
owing to the Pauli exclusion principle. Analysis of the 
data gives the difference as a factor of 3:1, which is in 
agreement with the factor of 4 predicted by Weisskopf 
in an earlier paper.'> For this reason, the observed 
(n, p) cross sections of even-even nuclei were divided 
by 4 in Fig. 3. 

The lines in Fig. 3 represent theoretical calculations 
based on various values of the parameter 7o (used in 
calculating nuclear radii by r=ro4#X10-" cm) and of 
nuclear temperatures. Proton capture cross sections 
[used in calculating f, in Eq. (2)] are taken from 
reference ic. ‘ 

Curve A represents ro= 1.3 and nuclear temperatures 
from reference 1a; Curve B uses the same temperatures 
and ro>=1.5; and curves C and D were calculated with 
ro= 1.3 and temperatures 25 percent lower and higher, 
respectively. From these curves, the predictions of any 
other assumptions can be estimated. For example, 
curve E represents rp= 1.3 and Weisskopf’s most recent 
estimation of nuclear temperatures.'° (Curve F was 
obtained from an old calculation of penetration factors!» 
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Fic. 2. Determinations of « by thin pill and aluminum absorption 
methods. 


6 The nucleus O" is omitted from Fig. 3 because it has a very 
low atomic number and the (m,p) reaction has a high threshold; 
P®! and S® are also omitted because excitation functions for (,p) 
reactions in these nuclei have been measured and found to exhibit 
resonances which explain the large value of the total cross section. 
Clark Goodman, Editor, The Science and Engineering of Nuclear 
Power (Addison-Wesley Press, Cambridge, 1948-49). 





(n,2n) AND (n,p) 


Taste II. Observed (,p) cross sections.* 
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Observed 
cross 
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Element number (Mev) mb) 





ow 
Mg™ 
Al? 
Si 
Siz 
pa 
Sz 
Ca® 
Ti* 
Ti® 
as 
Fe 
Cu®* 
Zn* 
Ge” 
Se7é 
Se” 
Rb*? 
Sr88 
Zr” 
Mo* 
Ru 
Agi 
Ba¥* 
La™ 
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* From neutron energy spectrum shown in Fig. 1. 
> Activity not observed. 


and is included because Wiffler’s data’ are compared 
with it. His values of o(obs)/o(cal) are in substantial 
agreement with the data of Table II if o(cal) is taken 
from curve F.) 

All curves in Fig. 3 are calculated for zero threshold. 
The effect of thresholds can be taken into account in 
one of two ways: 

(1) Assuming that level densities depend on the 
excitation energy above the average of ground states of 
nuclei of similar mass,* the correction is very small and 
the circles can be compared directly with the curves in 
Fig. 3. 

(2) Assuming that level densities depend on the 
excitation energy above the ground state of the par- 
ticular nucleus involved introduces a large correction 
factor which depends sensitively on the threshold. This 
calculation is shown by correcting the observed values 
by the inverse of these correction factors, giving the 
crosses in Fig. 3, which can then be compared with the 
curves. 

One might expect the first assumption to be valid for 
highly excited levels—these are important in (,p) reac- 
tions in light elements—and the second to be valid for 
levels near the ground state which are the major con- 
tributors in heavy elements: From Fig. 3, however, it 
appears that the first assumption can have only limited 
validity for energies as high as 5 Mev (these are im- 
portant contributors) for elements of atomic number 


7H. Waffler, Helv. Phys. Acta 23, 239 (1950). 
*H. Bethe, Revs. Modern Phys. 9, 90 (1937). 
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~30. It might also be noted that curve E agrees ex- 
ceptionally well with the calculation from assumption 
(2). 

From Fig. 3 it can be concluded that even the best 
statistical theory can predict only trends in (,p) cross 
sections, with considerable variations to be expected; 
but the general basis for calculating (,p) cross sections, 
and their dependence on atomic number can probably 
be considered to be satisfactorily verified. 


IV. (n,2n) CROSS SECTIONS 


The observed and calculated (,2m) cross sections are 
listed in Table III. The errors correspond to about two 
standard deviations and were estimated from a detailed 
study of the factors involved. The calculated values for 
columns (5) and (6) were obtained using temperatures 
from reference 1a (71) and reference 1c (T2) and were 
corrected for K-capture from curves given by Trigg.® 

The Cu® cross section is in substantial agreement 
with the result obtained by integration of the experi- 
mental excitation function of Fowler and Slye!® over the 
incident neutron spectrum; this serves as a check on the 
absolute calibration. (Wiffler’s’ calibration is in bad 
disagreement with these, probably owing to an error in 
the measurement of the neutron flux.) The calculations 
using T; seem to give better agreement with the experi- 
mental data than those using 7), but the excitation 
function for (%,2n) in Cu® is in better agreement with 
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Fic. 3. (m,p) cross sections in cyclotron beam. Lines show calcu- 
lated values according to various assumptions described in text. 


® G. L. Trigg, private communicati 
10 J. L. Fowler and J. M. Slye, Phys. 77, 787 (1950). 
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the latter. When the latter are used, there is a tendency 
for calculated. cross sections to be too large. This has 
also been reported by Taschek" and possible explana- 
tions have been advanced.* ” With the exception of the 
four lightest elements, for which the theory fails com- 
pletely, only Zn™ and Pr, show disagreement beyond 
the expected error. (The excessive activity in Zr was 
probably due to impurities, as that element is very 
difficult to purify.) A possible explanation for Zn™ was 
given in reference 2, and the small observed cross 


TABLE III. (#,2n) cross sections. 
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* Threshold calculated from masses in L. Rosenfeld, Nuclear Forces 
(Interscience Publishers, Inc., New York, 1948-49). 

> Thresholds estimated. 

® Decay scheme of product nucleus not well investigated. 

¢ Decays by 8+ and 6 —. Branching ratio estimated. 

* Maximum beta-energy not known, so that K-capture correction could 
not be made. 

f Only one of two isomers observed. Branching ratio taken from D. J. 
Tendam and H. L. Bradt, Phys. Rev. 72, 1118 (1947). 

s K-capture correction inaccurate, as 8-decay is forbidden. 


section of Pr can probably be explained by lack of 
knowledge of the decay scheme of Pr'*°. 

With due consideration for these points, the data 
from Table III and reference 7 (when corrected for 
K-capture and the calibration error) give satisfactory 
support to the validity of Eq. (1). 


u Gittings, Ogle, and Phillips, privately communicated by R. F. 
aschek. 


®% VY. Weisskopf, in Symposium on Nuclear Shell Structure, New 
York Meeting of Am. Phys. Soc. (February 4, 1950). 
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Taste IV. Favorable threshold detectors. 








Approximate Approximate half-lives (minutes) 
threshold (Mev) 30 300 


9.5 Ag 
10.5 N N 


11.5 

12.5 

13.5 Cr 
16 

21 Cc 











V. APPLICATIONS 
Shielding 

Since (m,2m) cross sections are an indirect measure 
of the energy distribution of inelastically scattered 
neutrons, columns (5) and (6) of Table III, can be 
taken as a rough index of inelastic scattering efficiency 
(aside from the factor zr*). Phosphorous seems to be 
especially efficient, while nitrogen and potassium are 
hopelessly inefficient. A useful method of shielding 
neutrons of energies above 3 Mev might be based on 

the large (m,p) cross section in sulfur. 


Selection of Threshold Detectors 


Since almost all high energy neutron threshold de- 
tectors employ (,2m) reactions, Tables Ia and III can 
be considered as a detailed study of threshold detectors 
giving suitable chemical compounds to use (often not 
a simple matter), the half-life of the activity, the other 
activities that must be corrected for, the threshold, and 
the cross section. An approximate absolute calibration 
can be arrived at by correcting for self-absorption by 
Eq. (4) with an approximate value for “a” obtainable 
from Fig. 2. 

Table IV lists some favorable threshold detectors 
(i.e., those which have no seriously interfering ac- 
tivities) by threshold and activity half-life. It may be 
noted from Table IV that, for most purposes, several 
other detectors are more favorable than is copper, which 
has been used quite commonly. 

The author would like to acknowledge the extensive 
help of Professor E. Creutz and L. Wolfenstein in car- 
rying out these experiments and calculations, and the 
cooperation of Professor A. J. Allen and the operating 
personnel of the University of Pittsburgh cyclotron in 
the use of that instrument. 
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The total cross section, energy spectrum, and angular distribution of mesons produced by photons incident 
on a target nucleus have been expressed in terms of the nucleon momentum distribution within the nucleus. 
The theory used here is valid for photon energies greater than approximately 1.2 times threshold, and for all 
but the lightest nuclei. These results have been applied to carbon employing Goldberger and Chew’s mo- 
mentum distribution for the protons in carbon. Excellent agreement is obtained for the meson energy 
spectrum at 90° and the decrease in efficiency of meson production compared to free protons as targets. The 
change in efficiency with photon energy, and the meson spectrum at various angles can be used to determine 
the internal nucleon momentum distribution. Positive mesons yield the proton distribution, negative mesons 


the neutron distribution. 





I. INTRODUCTION 


E shall estimate here the total cross section, 
angular distribution, and energy spectrum of 
m-mesons produced in 1 photo-nuclear collision. We 
assume that the matrix elements for the basic process in 
which the target nucleus is a free proton or neutron are 
known. Actually this is not quite so; the nature of the 
m-meson is not yet definitely settled, and matrix ele- 
ments in the available theories are known only in the 
Born approximation.' We shall therefore make use of 
these matrix elements in a schematic way, without 
committing ourselves to any particular form of meson 
theory. We shall, for example, express the cross section 
for positive meson production with a nuclear target in 
terms of the cross section with a free proton as target. In 
fact we shall show that the ratio of these cross sections is 
essentially independent of the matrix elements and depends 
primarily on the proton momentum distribution within 
the struck nucleus (providing only that the matrix 
elements have a smooth energy and angle dependence). 
Thus the measurement of the meson production cross 
section in hydrogen and other nuclei can be used as a 
tool for investigating the momentum distribution within 
these nuclei. 

The angular dependence of the nuclear cross section 
for photo-meson production also yields fairly direct in- 
formation concerning the momentum distribution with 
the nucleus. If the target nucleus is hydrogen, there is no 
appreciable internal momentum; the energy of the 
meson and its angle of production are precisely related 
by a “Compton law.” For other target nuclei, the 
internal momenta of the nucleons leads to a broadening 
of the Compton line. The shape of the Compton line, 
half-width, etc., are measures of the momentum dis- 


* Assisted in part fe? Joint Program of the ONR and AEC. 
1H. Feshbach and M. Lax, Phys. Rev. 76, 134 (1949). 


tribution with the nucleus. These results, of course, are 
also influenced by the meson matrix elements. 

Experimental results for the total cross section and 
the meson spectrum ax 90° are available for carbon and 
hydrogen.? Instead of using these experiments to calcu- 
late the internal momentum distribution, we prefer to 
check our theory by making use of an approximate 
distribution available from deuteron pick-up reactions.* 
Both the 90° spectrum and the total cross-section ratio 
are found to be in excellent agreement with experiment. 

The experimental result that seems most startling at 
first sight is “that the cross section of six bound protons 
in a carbon atom is only about twice as large as that of 
a single free proton.” In other words, the efficiency 
e=0/(Zo,) ratio of the positive meson cross section to 
that for Z free protons is only $ in carbon. This result is 
explained by our theory. It will be shown that the 
efficiency is zero at threshold, rises to unity at high 
energies, and has intermediate values in good agreement 
with the experimental result quoted. 

The reason for the decrease in efficiency at low 
energies is that only a portion of the proton momentum 
distribution can participate in the reaction. The region 
in momentum space energetically possible will generally 
intersect the momentum region occupied by the protons 
in the nucleus. As the photon energy increases, the 
common volume increases so that eventually the entire 
proton momentum distribution is covered and the 
efficiency becomes unity. 

The evaluation of the efficiency requires some knowl- 
edge of the nuclear states. We shall see that sufficiently 
far above threshold the momentum transfer goes pri- 
marily to the struck proton so that only one particle in 


? J. Steinberger and A. S. Bishop, Phys. Rev. 78, 494 (1950); 


McMillan, Peterson, and White, Science 110, 579 (1949). 
3G. F. Chew and M. L. Goldberger, Phys. "Rev. 77, 470 (1950). 
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the nucleus changes its state. This “single-particle” 
cross section is then computed using the Hartree ap- 
proximation to describe the nucleus. This procedure 
yields results which essentially could be surmised on the 
basis of the physical ideas given in the preceding 
paragraph. 

It is not actually necessary to assume that the other 
particles do not change state, but merely that the most 
important residual states have a small energy spread. 
The summation over all possible residual states is then 
equivalent to closure over (A-1) variables. The result is 
then identical to that obtained by the Hartree approxi- 
mation except for a binding energy correction. 


Il. MATRIX ELEMENTS. FREE PROTON 
CROSS SECTION 


The matrix element for positive meson production can 
always be written in the form 


(n| T(x, p,@, =)|P), (1) 


where |) represents the final neutron state, |p) the 
initial proton state and T is an operator which is a func- 
tion of the common space coordinate x, the momentum 
operator p=—ih¥ and the spin and isotopic spin 
operators @ and +. This matrix element can be assumed 
to be exact; i.e., the result of an infinite order relativistic 
perturbation calculation from which divergences have 
been removed. It will in general depend on the photon, 
meson, proton, and neutron energies as well as on the 
spins and polarizations of the various particles. The 
corresponding matrix element for a nuclear target can be 
written: 


(Vy, Lr T,Y¥,), (2) 


where VW; and VW; are the initial and final nuclear states 
and 7, acts on the coordinates of particle r: 


T,= T(x;, Pr, Gr, r). (3) 


The operator T in a relativistic calculation will in 
general depend on all 16 Dirac operators ; and this could 
be included in our notation, and subsequent procedure. 
Since both final and initial energy states involve positive 
energies only, only the terms in 1, @, 8, and fe will 
survive our evaluation of the matrix element. The 
matrix elements of the operators 8 and Bo may be ex- 
panded in a power series in (1/M) with terms involving 
p and o. Equivalently, a contact transformation to 
nucleon states involving only the two spinors (1000) 
and (0 1 0 0) may be applied to obtain a new operator T 
which may then be expressed in terms of 1, o and p only. 

The dependence of T on space must be of the plane 
wave form exp[i(v—p)-x] so that insertion of the 
neutron and proton wave functions in (1) leads to the 
usual conservation of momentum factor 5(y-+n—p—v). 
Here u, n, p, v are the momenta of the meson, neutron, 
proton, and photon respectively. The dependence on @ 
and + can at most be linear. The isotopic spin depend- 
ence must be given by r+=(72+-i7,)/2 since it converts 
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a proton into a neutron. Thus we can write 
T=exp[i(v—yp)-x]r+(K-o+L), (4) 


where K and L are abbreviations for matrices (n| K| p) 
and (n|Z|p) that depend on the photon and meson 
momenta and polarizations in addition to the nucleon 
momenta. The matrix element in the negative meson 
case is similar: r* is replaced by r~, and K and L are 
replaced by other functions approximately but not 
exactly equal to the positive meson matrix elements.‘ 
This difference is important in calculating the ratio of 
negative to positive meson production. If scalar, 
pseudoscalar or vector mesons are treated in the first 
Born approximation, and the nucleons are treated non- 
relativistically, K and L will be independent of the 
nucleon momenta. This assumption is unnecessary for 
the subsequent theory but is utilized in the numerical 
comparison with experiment. We also mention that to 
terms of order meson mass/nucleon.:mass K=0 in the 
scalar case, and L=O in the pseudoscalar case, but 
neither K nor L vanishes in the vector meson case. 

The matrix elements (4) are similar to those in beta- 
decay problems with a combination of Fermi and 
Gamow-Teller selection rules. However, the phase 
(v—w)-x is much larger than in the beta-decay case, 
and the exponential cannot be approximated by a power 
series. 

The matrix element in the free proton case (1) can be 
integrated to give momentum conservation. Take the 
absolute square of (1) and perform the spin sums. The 
free proton cross section is then: 


oyp= (2m)? f (K°+L)dyl p (5) 


I= f dnd(nty—y—p)8(0+ wo %— Po) (6) 


in units h=c=meson mass= unity. Here o= (1+-u°)! is 
the meson energy, #o= (M?+-n?)! is the neutron energy, 
po= (M?+*)! is the proton energy and v=» is the 
photon energy. In what follows we shall take the struck 
proton to be at rest: p=0, po= M. 

The momentum-energy conditions expressed by (6) 
reduce after integrating over m to a single condition 


T,= 8[(M*+ (v—y))+ wo o— MJ (7) 
equivalent to the “Compton” relation between the 
meson momentum and its angle 6 relative to pv: 

2v(uo— uw cosé) = 14+2M (v9— yo). (8) 


This relation reduces to the usual one for photons if we 
set uo~yo= degraded photon energy and omit the 1 (the 
meson rest mass). 

The integrations over dy=2zd(cos0)uyoduo can be 
performed in either order according to whether the final 


4K. A. Brueckner and M. L. Goldberger, Phys. Rev. 76, 1725 
(1949). 











result is to be expressed as a meson spectrum or as an 
angular distribution. For the meson spectrum we need 


f T,A(cosé) = (M-+-r0—no)/ur. (9) 


For the angular distribution we need 
f I dpo= (Opu0/0Es)o= utto/[unot uo(u—v cos) ]. (10) 


It is understood that yu is to be eliminated from (5) and 
(10) with the help of the Compton Law. For future 
reference, we note that if 7, is replaced by (6) and the 
integrations in (10) over dm and dy are performed in 
reverse order: 


f I duo= | dn/dk| zyoni, (11) 


where k= n+p—v and the Jacobian does not take on 
the value unity because yo depends on mo through energy 
conservation. 


III. CLOSURE APPROXIMATION TO THE 
CROSS SECTION 


Using matrix (2) the cross section for a nuclear target 
can be written as 


o=(2n)* ff dy Dsl Ws, X TW) |°5(Ey—E,). (12) 


E, and £; are the final and initial energies of the entire 
system. In comparison with the free particle case (5) 
p+v+n-+4y and the integration over n is now replaced 
by a summation over the final states of the residual 
nucleus. These final states are limited by energetic con- 
siderations as indicated by the 6-function in (12). To 
obtain a closure approximation to the cross section we 
relax the energy conservation sufficiently to permit the 
summation to be made over all final states of the 
nucleus. This is performed by dropping the energy of the 
initial and final nucleus from the argument of the 
6-function in (12) and replacing the final meson energy 
uo by some average value over the emergent meson 
energy distribution. Sufficiently far above threshold this 
average is approximately given by the “Compton” rela- 
tion (8); i.e., the replacement given below is approxi- 
mately valid: 


6(E,— E,)—6{[M*+ (v—p)* }4+-wo— 0—M}. (13) 


The closure approximation should be accurate when the 
photon energy exceeds the threshold energy by a suffi- 
ciently large amount. (At lower energies, particularly 
near threshold, the closure approximation should give 
an upper bound to the cross section, inasmuch as it in- 
cludes many final states which are not energetically 
possible.) We can then employ closure to obtain 


M=~>;| (Vy, > T,¥;)|?= (WY, Le. ’ T,'T Wi). (14) 
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We now consider the diagonal terms and the non- 
diagonal terms in this sum separately. The diagonal 
terms involve just one nuclear particle at a time so that 
we shall call their contribution to the cross section the 
single particle cross section and the corresponding 
matrix element M;. The non-diagonal terms involve 
two nucleons at a time, and are therefore called the two 
particle contribution ; the corresponding matrix element 
is M>. It is clear that the two-particle matrix element 
can have a contribution only inasmuch as there is some 
correlation in the location of nucleons in the nucleus. 
Correlation is of course a necessary but not a sufficient 
condition for M;+0. 

Consider now the single-particle terms. These are 
given by 


|X. TT,|)=G|L (K-o,4-L)*7- Tr +i). (15) 


This result may be averaged over all orientations of the 
nucleus: 


(K-o,+-L) n= K+L?. (16) 


The equivalence between an orientation average and a 
spin sum can also be regarded as a consequence of 
the principle of spectroscopic stability. Furthermore 
(i|>>,7,-7r,;+|#)=Z, the number of protons in the 
nucleus. Combining Eqs. (12) to (16) we find that in the 
region where (13) is valid, the one-particle contribution 


is simply 
(17) 
the result to be expected from Z free protons. The off- 
diagonal or two-particle contributions are given by: 
M2= > (i|r--7.+(K-o,+L)(K-o,+-L) 
re 
Xexp[i(v—y)-(x-— x.) ]] 7. 


o1=Zo0>p, 


(18) 


M; can be evaluated exactly if the pair correlation func- 
tion p(x,, x.) is known for all spin, isotopic spin states. 
In general, however, we do not have such detailed in- 
formation concerning the nuclear state. We shall there- 
fore make the following assumptions. 

(1) There are only two independent correlation func- 
tions, one for space symmetric, and one for space anti- 
symmetric states. In other words, the spin, isotopic spin 
state of a pair of particles influences their space correla- 
tion only through the Pauli principle. 

(2) These correlation functions depend only on the 
separation |x-—x,| between particles. Thus, any odd 
dependence on x,—x, which is present in (18) will 
disappear on averaging. 

Making use of the second assumption we can replace 
the ial by an orientation average: 


«= (expli(v—y)- (x-— xX.) ])nw 
=sin(|v—y| | x-—x,|)/(|¥—y] |x-— x6). 
It is now permissible to average over the spin orientation 
of the nucleus 


((K-e,+-L)(K-o,+-L))n=}K*(,-¢,) +L’ 
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and to symmetrize on indices r and s: 


M:,= + (i|0,.Vre| i), 


res 


0,.= Brera + 7. 7:*)[$K7(6, -o,) +L’). 


Employing methods similar to those of Wigner and 
Feenberg® we split the state | 7) into its space symmetric 
and antisymmetric parts: 


|t)=|s)+-|a), 
|s)=4(1+Pi2)|#);  |a)=43(1—Pr)|4), 
where P, is the space exchange operator 
— Py2=}(1+01-02)(1+41- 42). 
Thus a typical term in the sum (18) is: 
(i| Oy2V 12] 2) = (S| Or2V 12| 8) +-(a| O12V 12] a) 
and cross terms vanish because O;2 commutes with P}.. 


Making use of assumption (1) and (19) we can simplify 
this matrix element: 
(i | O12V 12! i)= V As|O12|s)+ V a | Ow | a) 
=3(V.+Vo)i| O12] 4) 
+43(V.—Va){i| O12P 12] 7). 
The spin matrix elements are evaluated by methods 
similar to those of Wigner * 


(19) 


rs 
+4K*[P?+ (P’)?+ (P”)?+4P+2P’—S(S+1) 
—1T(T+1)—3T,—S—(Y,’) »—Z(K°+L"), 
(| L O,.P,.|i)= —§(K?+L*)(A?—47,’) 


rs 


—4(3L*—2K)(S*—(¥,*))~— H+ 1) A? 


where (Y,”) is the mean value of the operator (3 >>, orsTrs)* 
in the state with quantum numbers, P, P’, P’”’, T, T., S, 


S,=S (compare reference 5 for notation). The approxi- ‘ 


mate values contain all terms of order A? and A. Thus 
the complete matrix element is given approximately by: 


Mi+-Me~(K2+-L){Z[1-H(V AV.) ] 
—zA*(V.—Va)} 


and the ratio of the two particle to the one-particle 
contribution is approximately 


M/My~—}(V.+ Va)—}3(A?/8Z)(V .— V4). (20) 


The order of magnitude of V, and V, can be obtained 
from a simple model in which the two particle densities 
pq* are proportional to exp[ — (%12/R) ]-exp[— (x12/r0) ] 
respectively, where R is the nuclear radius and ro the 
range of nuclear forces. The results neglecting the fixed 
position of the center of mass of the nucleus are given 


5E. P. Wigner and E. Feenberg, “Reports on progress in 
physics,” Phys. Soc., London 8, 308 (1941). 
*E. P. Wigner, Phys. Rev. 56, 519 (1939). 
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below. The more precise calculations in which this ap- 
proximation has not been made have been performed 
and give very similar numerical results. 


V.! i 
* [1+ (ee RPP 


To 
~ [1+ (|y—wl ro)? P 

(V+ Ve=L1+(ly—y]R)"P, 
4(V.—Va)~(ro/R)L1+(|¥— wl ro)* 


In our units re>~1 and R*~Ar,’. Except in the forward 
direction |v—y|R>>1 and the two-particle contribu- 
tions are small. An estimate of their effect on the 
integrated cross section can be obtained by averaging 
the V’s over the angular distribution associated with 
free proton targets. The result is 


(VV «)/2)=[(R?—1)*+ (2»R)?}? 
~[A3447°2A2/8 1 
((V.— Va)/2)= (r0/R)*L (re? 1)?+ (2090)? J+ (4A), 
| M2/M,| ~(A%8+4-4y°A28)1+ (16y2)71, 


Thus the one-particle contribution is an adequate de- 
scription away from the threshold, in all but the lightest 
nuclei. How closely may threshold be approached before 
M; starts to make significant contributions? In the next 
section we shall make a closer estimate of M,. Combining 
this with the estimate of M, contained herein, it is 
estimated that M2 may be neglected for y>1.2 or »>>170 
Mev. This estimate, which is rigorous only at a con- 
siderable energy above threshold, has been checked by 
the calculation of the two-particle contribution for the 
deuteron as target nucleus.’ 


IV. THE SINGLE-PARTICLE CONTRIBUTIONS IN THE 
HARTREE APPROXIMATION 


The closure procedure used in the preceding section is 
not based on any model of the nucleus, or on any as- 
sumptions concerning nuclear forces. However, it over- 
estimates the cross section by extending the sum over 
final states to include some which are not energetically 
possible. In order to estimate the energies at which the 
closure approximation is valid as well as the decrease in 
cross section below these energies we shall introduce the 
Hartree approximation. We shall consider in detail the 
one-particle contributions, the main term in the cross 
section. 

We shall show that the relation between the bound 
and the free-particl€tross sections depends primarily on 
the momentum distribution in the nucleus, and not on 
a more detailed knowledge. of the nuclear wave func- 
tions. This fesalt undoubtedly has a validity greater 
than that of the Hartree model with which it will be 
obtained. 





(R?+ ro), 





(21) 


7M. Lax and H. Feshbach, unpublished. 








The initial nuclear state can be represented by the 
anti-symmetrized product: 


Wi= (ANALY €agar(xi) par(x2)-+- gan(%n), (22) 
and the final nuclear state is represented by a similar 
product. The one-particle contributions are obtained 
by using a final wave function in which only one state, 
say g;(x) has been changed. The ejected particle 
may be represented approximately by a plane wave 
(2x)-! exp(in-x). In doing so we have of course neg- 
lected the interaction of the emergent neutrons and the 
residual nucleus. We have also assumed that the final 
neutron has sufficient energy to leave the nucleus. Terms 
involving the nucleons remaining in the nucleus are, 
except for small energy transfers, included in the two 
particle terms; an estimate for these was obtained in 
Sec. ITI. 

The spin sum yields the same result as in the free case 
if we neglect the variation of the space dependence of ¢; 
with spin direction. It is easy to include this dependence, 
but in view of the large uncertainties in the nuclear 
wave function, the choice of an average seems to be 
more appropriate. In terms of the normalized mo- 
mentum wave function 

c;(k)=(24)4 } exp(—ik-x) ¢;(x)dx, 
the matrix element takes the form c;(n++y— v). Squaring 
and summing over the contributions of the various one- 
particle transitions we find that 
Mi=d fletaty—v)|%an (23) 
takes the place of the closure expression (14). Because of 
the isotopic spin operator 7+ the sum over 7 includes 
only the proton states. In effect, M; replaces the 
conservation of momentum factor 6(n+y—v) in the 
free particle case (6). Introducing the normalized mo- 
mentum density: 


o(k)=2-E |) |?, 


M=Z f én f dkp(k)3(n+y—»—k), 


the one-particle contributions to the nuclear cross 
section can now be written in a form directly comparable 
with the free particle result (5): 


o=Z(2n)-? f (K*-+L?)dyl, (24) 
bis f o(k)dk f dn3(n+-yp—v—k) 
X 5(no+ uo— v— M+) 
= f otk)ako(C (r+ k—v)+4e} 
—M+po- vote]} - (25) 
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By inserting the correct (rather than Hartree) energy 
conservation condition in (25) we obtain the same cross 
section as that yielded by the partial closure method 
discussed in the introduction. The correct condition is 
5(n+uot+mass of residual nucleus—vo—mass of struck 
nucleus). We may therefore interpret e= (mass of re- 
sidual nucleus+M — mass of struck nucleus) as approxi- 
mately (binding energy of the proton+-average excitation 
energy of the residual nucleus). Since the struck proton 
energy does not appear in the energy conservation we 
cannot interpret the cross section as simply that due toa 
distribution of free protons. 

The choice p(k)=46(k) corresponding to a proton at 
rest reduces J to its free proton value J, in (6) if we 
neglect binding energy corrections (set e=0). In the free 
case, J, vanishes unless the Compton law relating u and 
6 is obeyed—i.e. at each angle @ the meson energy takes 
a definite value. If a distribution of momenta p(k) is 
available, the Compton line will be broadened. The 
extent to which this occurs can be investigated by 
integration, over the directions of k using v—y as a 
polar axis and dk= k*dk2rd(cosx). The integration over 
cosx can then be evaluated as: 


M+ »—uo pet? 
[nig = p(k)kdk, * 
a (6 —a) or (a? —b2)3 (26) 
a=|v—y|, b=[(v0’—uo)(2M+ v0’ — uo) }, 


where vo’ = vo— €. Limits on & are set by the conservation 
condition given by (25) subject to |cosx| = 1. Equation 
(26) exhibits the direct relationship between the shape 
of the Compton line and the momentum distribution in 
the nucleus. 

We have assumed that p(k) is spherically symmetric. 
It will, in general, be large out to some momentum a and 
decrease rapidly thereafter. The closure approximation 
will therefore be valid only if both conditions 


|v—p| —[2M (v0’— uo) <a, 
|v—w|+[2M (r0’— wo) ! >a, 


can be met. The first condition with a and € equal to 
zero is the Compton condition. This condition can be 
met if one particle can absorb all the available mo- 
mentum |v—y|. This is always possible above the free 
particle threshold. Above the free particle threshold this 
condition simply describes the width of the Compton 
line. The second condition (a+))>a is sufficient to 
make the integral independent of its upper limit, since 
it then covers the significant region of integration. In 
this case, the integrated intensity of the broadened 
Compton line will be the same as the corresponding 
unbroadened line. 

A quantitative investigation of the decrease in total 
cross section when these conditions are not fulfilled 
requires an integration over dy. This integration cannot 
be performed unless the dependence of K and L is 
specified, and some form is given to p(k). An alternative 
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Fic. 1. Efficiency of meson production. The abscissa gives (1) 
photon energy for the upper curve (2) maximum photon energy for 
dvo/ve bremsstrahlung spectrum. 


procedure is to perform the integration over dy before 
that over dk. We shall therefore introduce the following 
definition : 


o(v+k, n= (n)-*2 f (+L dy 


X5{[(v+k—y)?+-M?*}—M+po—m'}, (27) 


so that the total cross section can be rewritten as: 


o= fowtk, vo )p(k)dk. (28) 


Roughly speaking, the situation is equivalent to 
having a distribution of photons with momenta v+k 
and a fixed energy vo’. Only a certain portion of these 
“photons,” however, can contribute to the cross section, 
since the momentum the neutron can absorb is limited 
by energy considerations. Since w has already been 
integrated over, the limit on | v+k| is to be set using the 
most favorable value of y. The most favorable direction 
for w is parallel to v+k since the meson then helps to 
absorb the “excess” momentum. With this direction 
|v-+k|<y+6. The most favorable value of uo is then 
bo= 1+(v9>—1)/M and we obtain the condition 


| v-+-k| S[2M(vo’—1) P=d. 
The quantity d is just the nucleon momentum available 
if all of the incident photon energy is absorbed by the 
nucleon. When o(v+-k, 9’) varies slowly with k, the 
decrease in cross section due to lack of closure is then 
simply : 


p(k)dk. 


I¥+k| <d 


o1/(Zoy)= (29) 


In short, the cross section is reduced because only a 
portion of the momentum distribution is energetically 
capable of contributing to the cross section. The region 
of integration is a sphere of radius [2M(v—1)} 
centered at —v. However, p(k) is appreciable over the 
sphere |k! <p and small outside, where pr=(2Mer)* 
is the Fermi momentum. These two spheres will overlap 


fairly completely if 
[2M (vo—1)}'>vo+pr. (30) 


Thus the cross section may be expected to approach the 
closure cross section at an energy of about 320 Mev, 
ve~2.3. 

Near threshold the sphere of integration shrinks to a 
point at k= —v=—1. o(v+k, vo) becomes o(0, 1) and 
the closure correction is simply 


4a 
or/ (Zap) TOM (1+ (1/2M)) Po(— 1) 


a(0, 1) 
—1)1. 
o(1, ” 


(31) 


Since the free proton cross section behaves like (vp— 1)! 
the nuclear cross section varies as (v»— 1)?. We note that 
the threshold is actually 1 (aside from a small binding 
energy correction). The reason for this is that protons of 
momentum k= —1 are available to absorb the photon 
impact so that no recoil energy need be absorbed. 

A previous analysis of the nuclear cross section near 
threshold? led to a behavior of (vp—1)5/?; i.e., an addi- 
tional factor of (v.—1)!. This calculation was based, 
however, on the Fermi statistical model of the nucleus. 
On this model p(k) vanishes abruptly for k> pr. Thus 
JS p(k)dk is the intersection volume of two spheres. And 
the latter will vary as (vp—v,)* in the neighborhood of 
the threshold energy »; at which the spheres begin to 
overlap. 

It should be emphasized that energy dependence 
given by (31) may be modified if o(0, 1) should vanish. 
For the deuteron as target nucleus,’ if K=0, the Pauli 
exclusion principle yields o(0, 1)=0, so that the energy 
dependence of the cross section becomes (vp—1)*. 


V. COMPARISON WITH EXPERIMENT 


At present the only available data? involve carbon as 
the target nucleus. The incident beam is the brems- 
strahlung spectrum from the Berkeley synchrotron. The 
measurements include the meson energy distribution at 
90° with respect to the incident photon beam, and the 
efficiency of production. This latter is (1/3); the energy 
distribution at 90° is given in Fig. 3. 

Comparison with the theory of Sec. IV involves a 
knowledge of the normalized momentum density, which 
fortunately has been evaluated for similar momentum 
transfers by Goldberger and Chew.’ These authors give 


p(k)= p/m*(ay?-+ Ry’. (32) 


This expression is not expected to be valid for the large 
values of k for one would expect that p(k) decreases 
more rapidly than indicated by (32). 

We now introduce (32) into (29) to obtain the effi- 
ciency of positive meson production, and into (24) and 


8D. ter Haar, Science 108, 57 (1948). 
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(26) for the energy distribution at 90°. We neglect 
binding energy effects. These results must then be inte- 
grated over the brehmsstrahlung spectrum to obtain 
values comparable with experiment. Strictly speaking, 
such a calculation gives only the one-particle contribu- 
tion to the cross section. The two-particle terms, which 
give the coherence effects, are small except for vp near 
threshold. However, the cross section will generally in- 
crease with energy more rapidly than the photon- 
spectrum decreases, so that the integration over the 
photon-spectrum will emphasize the larger values of vo. 
Hence the error involved in including only the single- 
particle contribution should be small. 

Let us consider the efficiency of positive meson pro- 
duction. From (29) and (32) 


_at+ “| 


1 d Vo 
tan~} +tan 
ap 





ap 


ap 


a,’+ (d— vo)? 


n . (33) 
2avo ay*-+ (d+)? 


A plot of e as a function of yp is given in Fig. 1. The 
relatively slow rate of increase for large vo is directly 
attributable to the long tail of distribution (32) and is 
suspect. 

If the incident photon spectrum is /(vo)dv9 the average 
efficiency is 


e=( f exfin)dn) bs (z f erf(eodn). (34) 


In this paper, we have approximated the spectrum by 
f(vo)=1/» and have employed the a, calculated in an 
earlier publication.! The consequent € is also plotted in 
Fig. 1. The value at vo= 2.4 is 0.4, which is 20 percent 
higher than the estimated experimental value, but well 
within the experimental error. It is quite clear that an 
accurate determination of the excitation curve for either 
monochromatic x-rays or for a spectrum will yield in- 
formation about the nucleon momentum distribution. 
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Fic. 2. Meson energy spectra at 90° with respect to photon 
beam for monoenergetic x-rays incident on carbon. The abscissa is 
the ratio of the meson kinetic energy to the excess of photon energy 
over threshold. 
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Fic. 3. Meson energy spectrum at 90° with respect to photon 
beam for a dvo/v9 bremsstrahlung spectrum incident on carbon. 
The experimental points are taken from Steinberger and Bishop. 


The energy distribution at 90° is obtained by inserting 
momentum distribution (32) into (24) and (26). The 
integral J is given by 

a,M+nm—p 1 
a | | (35) 
La t+hi? a,?-+(a+b)? 





Tr a 


a’—b? a2b 


k?= . 
(b—a)? agb 

I must then be multiplied by the statistical factors yo 
and by the energy dependence of K?+L*. This must at 
least be 1/(uovo) from the normalization of the meson 
and photon wave functions and indeed is closely that for 
pseudoscalar mesons though not precisely so. Hence the 
spectrum is given by 


&(#0)duo~T (uo?— 1)47 (0) / v0 duo. (36) 


The function g(uo) is plotted in Fig. 2 for some values of 
vp ranging from vp= 1.2 to vp= 3. The salient features are 
(1) the discontinuity in slope at a=), i.e., at the meson 
energy obtained from Compton law (8); (2) the rela- 
tively rapid decrease of g with uo for wo greater than the 
value at the discontinuity. For these meson energies 
only those protons whose momenta are in a direction 
opposite to the direction of the incident photon can 
contribute. 

In Fig. 3 the energy distribution average over a 
dvo/vo spectrum is given, together with experimental 
values. The scale for the ordinate for the theoretical 
curve has been chosen as unity at a meson kinetic energy 
of 0.3. Comparison of the predicted absolute magnitude 
with experiment has already been made above. The 
agreement of the predicted and experimental energy 
distributions is remarkably close. Because of the many 
approximations and the experimental errors such agree- 
ment must be regarded as fortuitous. However, the 
agreement of prediction both with ‘efficiency and the 
energy distribution indicates that the qualitative, and to 
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some extent, the quantitative features of the simple 
theory employed here are correct ; that one may hope to 
employ the produced mesons as a tool for investigation 
of nuclear structure. 


VI. CONCLUSIONS 


The cross section for the production of mesons by 
photons incident upon a nucleus has been shown to be 
directly related to the nucleon momentum distribution 
p. It was first necessary to demonstrate that sufficiently 
far above threshold the correlation effects are small ex- 
cept possibly in the forward direction and for the lightest 
nuclei. It was estimated that below »~1.2, correlation 
effects would be an appreciable part of the cross section. 
These estimates were based on the closure approxima- 
tion (Sec. II). Once this result was established, the 
efficiency of meson production was calculated, as well as 
the meson energy distribution at a given angle. In both 
of these, the assumption is made that the recoil nucleon 
can be described by a plane wave. From the efficiency it 
is possible to estimate the energy at which the closure 
approximation is valid and the efficiency is essentially 
one. In the absence of a tail to the momentum energy 
distribution, this photon energy is 320 Mev. Since the 
tail may still make an appreciable contribution, the 
efficiency will actually be one at some energy well above 
320 Mev depending upon the shape of the tail. In 
calculating the efficiency it was assumed that the matrix 
elements varied smoothly with photon momentum; i.e., 
with the space phase of the photon wave. The depend- 
ence of the meson energy distribution on the momentum 
distribution p is given in (24, 26). This meson energy 
distribution has its maximum for each angle at the 
meson energy given by the Compton law for a free 
nucleon. The distribution is asymmetric, falling off more 
rapidly at higher energies. The width of the energy 
distribution is roughly determined by the nucleon mo- 
mentum at which p starts to decrease rapidly. Finally 
the cross section at threshold was estimated. It was as- 
sumed that the photon energy dependence of the 
correlation contributions will be more rapid than the 
single particle term. The single particle contribution 
behaves as (v—y,)* at threshold »,. 

These calculations have been applied to carbon em- 
ploying Goldberger and Chew’s momentum distribution. 
Astonishingly good agreement with experiment is ob- 
tained for both the efficiency of meson production and 
the energy distribution of mesons produced at 90° with 
respect to the incident beam. This agreement, while 
partly accidental does indicate that at least a semi- 
quantitative understanding of the production is possible. 
More important, it strongly suggests that meson pro- 
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duction may be employed as a tool for the investigation 
of nuclear structure, particularly of the momentum 
distribution inside the nucleus. Indeed by observing the 
energy distribution at varivus angles, and by observing the 
efficiency as a function of photon energy, it should be 
possible to describe this momentum distribution very 
closely even without reference to any other experimental 
information. 

The interpretation at higher photon energies than are 
presently available would be somewhat simpler for here 
many of our assumptions become strictly valid. How- 
ever, it would be necessary to have more complete 
information on the fundamental matrix element. This 
may be obtained empirically by employing hydrogen as 
a target nucleus. In the present paper the dependence of 
the matrix elements on the nucleon momenta have not 
been used in the calculations. Equation (24), however, is 
correct if K and L are replaced by matrices (m| K | k) and 
(n|L|k). If these matrices have a smooth energy de- 
pendence, for both negative and positive mesons, the 
negative positive cross-section ratio will be practically 
the same as for free nucleon targets. Some difference 
may be expected, however, in heavier nuclei where the 
neutron and proton momentum distributions are not 
equal. 

We have also neglected the meson-nucleon interaction 
on the meson as it passes through the nucleus after its 
production. This should be unimportant for the lighter 
nuclei but may be significant for nuclei of large radius. 
Indeed if a nucleon momenturr distribution should be 
known from other considerations, experiments with 
heavy nuclei might yield information on the meson- 
nucleon interaction. 

Calculations’ have been made for H? as a target 
nucleus where the correlation effects are important. 
These will be reported shortly. Calculations® are in 
progress in which the momenta dependent terms are 
included for both H? and heavier nuclei permitting then 
a calculation of the ratio of positive to negative meson 
production. 

One point may be emphasized in closing. The energy 
distribution of mesons at 90° as calculated is sensitive to 
the meson energy dependence of the matrix elements 
and this nice check that we obtain is valid only for 
pseudoscalar mesons. However, this is not conclusive 
evidence that the observed mesons are pseudoscalar. 
Agreement might be possible for other mesons if the - 
momentum distribution in carbon were modified. 

We are indebted to Dr. Geoffrey Chew for some 
cogent comments. 


9F. Villars, M. L. Goldberger, and H. Feshbach, private 


communication. 
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There is generally present in a molecule a small magnetic moment associated with its rotational degree 
of freedom. The rotational g-factor can be measured by an experimental method based upon the Zeeman 
effect. Previously, the most successful measiirements have been made with the molecular beam resonance 
technique. More recently, the microwave Zeeman splitting of molecular rotation lines has offered another 
method for the determination of rotational g-factors. With this method, the g-factors of several molecules 


such as NH;, 


H,0, OCS, etc. have been measured. The quantum mechanical theory of the rotational mag- 


netic moment of the symmetric top molecule has been developed, and the experimental results are discussed 


qualitatively in the light of this theory. 





I. INTRODUCTION 


Ss CE a molecule is composed of charged particles, 
a molecular rotation can result in the existence of a 
magnetic moment. However, the magnetic effects of the 
positively charged nuclei and the negatively charged 
electrons would tend to cancel each other, thus leaving 
a residual moment due to the difference in the distribu- 
tion and motion of the two kinds of charge. Because of 
this cancellation effect and the influence of large nuclear 
masses, the resulting rotational moment in a molecule 
is generally a very small quantity (of the order of one 
nuclear magneton or less). 

One of the earliest theoretical investigations of the 
magnetic effect of charged particles in a rotating mole- 
cule was made by Condon.! He assumed a charged par- 
ticle rigidly attached to a symmetric rotor and gave a 
wave-mechanical expression for the perturbed energy 
in a magnetic field. Several years later, Estermann and 
Stern? measured the rotational moment of the hydrogen 
molecule by the molecular beam deflection method and 
obtained a g-factor between 0.8 and 0.9 in the units of 
nuclear magnetons per rotational quantum number. 
They found the rigid rotor theory could not account for 
this result since it would give a g-factor of about 3. This 
difficulty was resolved by Wick,’ who showed that the 
wave-mechanical perturbation theory did account for 
the experimental value if an appropriate wave function 
was employed. This explanation was made even more 
convincing when Ramsey‘ repeated the measurement of 
the H; rotational moment by the more powerful method 
of molecular beam resonance. Ramsey not only supplied 
a more accurate measurement for the Hy rotational 
moment, the g-factor of which was given as 0.8787, but 
definitely established the sign of the moment as positive. 


* The research reported in this document was made possible 
through support extended Cruft Laboratory, Harvard University, 
jointly by the Navy Department, ONR, the Signal Corps of the 
U. S. Army, and the U. S. Air Force, under ONR Contract 
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This result gave, at least for the special case of He 
molecule, a strong support for Wick’s theory and a 
direct contradiction to the rigid rotor theory for the 
effect of the electrons. The rigid rotor theory predicted 
a net.rotational moment which was incorrect in mag- 
nitude and also incorrect in sign. 

The development of microwave spectroscopy in 
recent years has led to,.another method of measuring 
rotational magnetic moments.® This method depends 
on the existence of rotational quantum transitions in 
the microwave frequency range. The energy level of 
each rotational state is in general perturbed by a mag- 
netic field and is split into a number of sublevels. From 
the Zeeman spectrum for a rotational line, information 
can be obtained on the over-all magnetic moment of 
the molecule. This over-all magnetic moment is the 
rotational moment if the molecular rotation has no 
coupling with any electron or nucleus in the molecule. 
This requirement is satisfied if the spin of each nucleus 
is zero and if the molecule is in the '}--state, as most 
molecules are in their ground states. Under these con- 
ditions, the rotational moment is the only unknown 
quantity and can be directly determined. If, however, 
the molecular rotation has a ‘coupling with either an 
electron or a nucleus, or both, then the determination 
of the rotational moment must depend either upon the 
detailed knowledge of the coupled systems or some 
means of removing the coupling as in the Paschen-Back 
efect.® 


Il. EXPERIMENTAL METHOD AND APPARATUS 


The measuring apparatus and experimental: tech- 
niques have been described in previous papers.®:* The 
difference between the present method and other current 
spectroscopic arrangements lies in the use of a resonant 
cavity as the absorption cell. The microwave generator 
is simultaneously frequency modulated at two different 
frequencies in order for the microwave spectral lines to 
be observed. The higher frequency modulation is used 
to obtain a high signal-to-noise ratio. The lower fre- 


5C. K. Jen, Phys. Rev. 74, 1396 (1948). 
*C. K. Jen, Phys. Rev. 76. 1494 (1949). 
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quency modulation (actually a saw-tooth wave) is used 
for the spectral presentation. 

A magnetic field continuously variable up to about 
10,000 oersteds is used. The field strength is obtained 
by measurement of the flux change in a stationary coil 
as the direction of the magnetic field is reversed. The 
accuracy of the magnetic field measurement is about 
two percent. The measurement of small frequency dif- 
ferences is accurate to about 50 kc/sec. The average 
accuracy of a g-factor determination, with the exception 
of very small g-values, is thus estimated to be about 
+5 percent. 

This equipment does not, in its present form, provide 
means for determining the sign of the magnetic moment. 


III. DESCRIPTION OF THE ZEEMAN SPECTRA 


It will prove useful for the following sections to 
describe qualitatively the characteristics of the Zeeman 
spectra caused by the rotational moment only. The 
rotational energy, W, in a magnetic sublevel, is, to the 
first-order approximation, 


W=We—Mguol, (1) 


where Wp=the energy of a rotational state at H=0, 
designated by the rotational quantum numbers (J, K, 
etc.), M=magnetic quantura number for J along the 
field direction, g=g-factor for the rotational state, 
wo=nuclear magneton, and H=magnetic field. The 
transition frequency for any Zeeman component is 


v=[(Wr'—Wr)/h]—(M’g’—Mg) oH /h 
=vr—[AMg’+M(g'—g) |uol/h, (2) 


where the primed quantities refer to the upper state 
and the unprimed to the lower state, yp=(Wr’—Wr)/h 
is the rotational transition frequency (k= Planck’s 
constant), and AM = M’—M is the change in M during 
transition. 

For a given rotational transition, the selection rules 
for its Zeeman components are: 


AM=0, 
AM=+1, 


Even without a detailed knowledge of the intensity 
distribution, explicit expressions for which are readily 
available in standard references,’ some qualitative 
description of the nature of the Zeeman spectrum can 
be made in relation to the rotational g-factors. It can 
be seen from Eq. (2) that, if g’=g, the z-transition has 
no splitting and the o-transition results in a doublet, 
symmetrically displaced relative to the origin (zero- 
field position). In case g’ is not equal to g but 
| (g’—g)/g’|<1, the x-transition results in a group of 
evenly spaced lines centered at the origin. The o-transi- 
tion results in two similar groups (each consisting of 
lines equally spaced as in the z-group but in general 
having a different intensity distribution), again sym- 

7E. U. Condon and G. H. Shortley, The Theory of Atomic 
Spectra (Cambridge University Press, 1935), p. 387. 


for x-transitions, and 
for o-transitions. 
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metrically displaced relative to the origin. Each one of 
these groups would appear as a single broad “ine” for 
an observation in which the spectral resolution is not 
sufficiently high. If, however, g’ is sensibly different 
from g, then the lines in each group would be so far 
separated from one another that they should be treated 
as individual components. 

It should be specifically noted that the Zeeman 
pattern based on the first-order theory as in Eq. (2) 
would be invariant to the reversal of the signs of the 
two g-factors. Hence, the sign of the moment will 
remain indeterminate. This indeterminacy of sign can 
be resolved in either one of the following ways. (1) The 
sign can be determined experimentally with respect to 
the polarization of the radiation. For an absorption 
experiment, circularly polarized radiation can cause one 
branch of the Zeeman pattern or the other to disappear 
according to the sense of rotation. (2) In the case of a 
coupling with a nucleus, the sign as well as the mag- 
nitude of the rotational moment can be determined, 
provided the sign and the magnitude of the nuclear 
moment are known.5 


IV. RESULTS CF MEASUREMENT 


The Zeeman effect in the microwave rotational 
spectra of some polyatomic molecules has been inves- 
tigated. The choice of molecules has been dictated 
primarily by the known presence of rotational lines in 
the working frequency range of the equipment. To date, 
measurements have been made on a few representatives 
of linear, symmetric, and asymmetric types of mole- 
cules. The following results refer to the o-transitions. 
The g-factors are calculated by Eq. (2). The g-factor 
in each case is computed from the observed doublet 
separation and is, therefore, necessarily the average 
value (denoted by g) between the true g-factors of two 
rotational states involved in the transition. The sign of 
any g-factor is understood to be either plus or minus, 
unless a definite sign is given. 


Ocs 


Zeeman splitting in the spectra of this linear molecule 
was measured for OCS® (J = 1-—+2, »=0) line at 24,325.9 
Mc/sec and for the OCS* (J=1-+2, v=0) line at 
23,731.3 Mc/sec. Zeeman components were not re- 
solvable for fields below 7000 oersteds. A completely 
resolved weak doublet has a separation of about 0.36 
Mc/sec at H= 8000 oersteds. Assuming the g-factors for 
J=1 and J=2 states are not drastically different, the 
calculated g-factor for these states is 0.029+0.006. The 
difference between g-factors of OCS® and OCS* is not 
detectable in the present experiment. 


N,.O 


This linear molecule was previously studied with 
respect to the Paschen-Back effect. Because of the 
smallness of the electric quadrupole coupling due to the 
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N nuclei, decoupling was almost complete at H= 10,000 
oersteds. The Paschen-Back components for the 
o-transition of the J=0—1 rotation line were two very 
strong doublets. The rotational g-factor is calculated to 
be 0.086+0.004. 


NH; 


The Zeeman effect in the inversion spectra of NH; 
(symmetric top) has been studied previously perhaps 
more thoroughly than for any other molecule.*:* Since 
NH; does not have a nuclear quadrupole coupling, its 
Zeeman spectrum supplies direct information on the 
rotational magnetic moment. In the case of N“Hs, the 
molecular rotational moment acts in conjunction with 
the N“ nuclear magnetic moment because of the electric 
quadrupole coupling. The rotational moment of N“H; 
can be deduced from its Zeeman spectra with the aid of 
the known N™ nuclear moment or more directly through 
the Paschen-Back effect. The results for both NH; and 
N"“H; Zeeman data were found to be mutually con- 
sistent within the limits of experimental error. 

Since the selection rules for the inversion spectra are 
AJ=0 and AK=0, there is every reason to believe that 
g’=g. Therefore, the o-transition for an NH; line is 
expected to be a strong and sharp doublet even at a 
very strong field strength. This expectation proved to 
be true. Furthermore, the Zeeman splitting at a 
constant field for lines bearing different J and K values 
did not seem to change appreciably. This fact leads to 
the conclusion that the dependence of the g-factor on 
the rotational quantum numbers is at most rather slight, 
and the rotational moment of NH; is almost exactly 
proportional to the total rotational angular momentum. 

Although the sign of the rotational moment cannot 
be established through the first-order Zeeman effect in 
the NH; spectra, the relative sign between the 
nuclear and rotational moments in the N“H; spectra 
can be determined. It turned out that the rotational 
moment of NH; must have the same sign as the N“ 
nuclear moment, which is known to be positive. The 
g-factor for N'°Hs, calculated directly from the Zeeman 
data, is +0.477+0.03. The present experimental 
accuracy is not sufficient to differentiate between the 
g-factors for N“H; and NH3. 


H,0 and HDO 


These asymmetric top molecules have only three 
known rotational lines in the convenient range of the 
present apparatus, one for H,O and two for HDO. Using 
the conventional designation (J, stands for a rotational 
state), the rotational frequencies are v(H,O: 5_,—6_5) 
= 22,235.2 Mc/sec; »((HDO: 59— 5) = 22,307.7 Mc/sec; 
and »(HDO: 4_;—3,)=20,460.4 Mc/sec. The Zeeman 
splitting showed in each case a clear-cut doublet pattern 
at low field strengths. Figure 1 is a plot of the doublet 
frequency separation as a function of the magnetic field. 
It is seen that each of the three curves shows a linear 
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Fic. 1. Zeeman splitting of HO and HDO rotational lines. 


relation between the doublet separation and the field, 
thus indicating a first-order perturbation effect. How- 
ever, there is a large difference between one curve and 
the other two for the range of indicated field strengths. 
For the two curves (HO: 5_;--6_5 and HDO: 4_;—3;,), 
the doublet components became rapidly weaker and 
broader with increasing field and could not be detected 
beyond the range indicated on the graph. For the curve 
with longer range (HDO: 59—5,), the doublet com- 
ponents preserved their intensity and sharpness up to 
a much higher field. It should be noted that the “short- 
range” curves are associated with AJ=-+1 and large 
change in 7, while the “long-range” curve is associated 
with AJ=0 and a small change in r. This evidence 
points to the fact that there is a definite, though prob- 
ably slight, dependence on J and r for the g-factors. 

It is also worth noting that the two curves for HDO 
give an average g-factor, which is smaller than that for 
H.0 by a factor approximately equal to the inverse 
ratio of the reduced masses (u) of H; and HD. This 
indicates that the rotation of the hydrogen or deu- 
terium atoms contributes significantly to the rotational 
moment. 

The measured g-factor for each transition, as deter- 
mined by the slope of each curve in Fig. 1, represents 
a value between g’ and g of the interacting states. The 
average value (denoted by g) for each transition is 
given in the same figure. 


CH;OH 


This molecule is a slightly asymmetric top. The spec- 
tral lines observed in the microwave range are attributed 
by Dennison and Burkhard® to a hindered internal 


*D. M. Dennison and D. G. Burkhard, Symposium on Mol- 
lecular Structure and Spectroscopy, Ohio State University (June, 
1948). A private communication from Professor D. M. Dennison, 
concerning a preliminary theory on the Zeeman effect in the 
oo microwave spectra, is gratefully acknowledged by the 
author. 








200 


rotation. A preliminary study has been made on the 
Zeeman effect of a few of the transitions identified by 
Coles® as those of AJ=0. These same lines have been 
identified theoretically by Dennison and Burkhard as 
AJ=0 and K=2->1. The Zeeman pattern for each of 
the lines studied was again a doublet, which was fairly 
sharp at low fields and became diffuse with increasing 
field. The components could not be detected beyond 
H= 3000 oersteds. The observed data for o-transitions 
can be fitted by the empirical formula 


Av= {60+1440/J(J+1)}H, 


where Av=frequency displacement (in cps) of each 
doublet component from the zero-field line frequency, 
and H=field in oersteds. The corresponding g-factor, 
which is probably an average of the true g-factors of the 
interacting states, is 0.078+1.88/[J(J+1) ]. 


So, 


The microwave rotational spectra of this asymmetric 
top have been observed by other investigators.'® Only 
a few out of many observed lines could be identified 
tentatively with quantum number specifications. The 
Zeeman spectra of these tentatively assigned lines were 
very complex. In general, each line began to show ap- 
preciable weakening at a low field (about 2000 oersteds) 
and split into weak components, starting from an inter- 
mediate field (about 4500 oersteds). The Zeeman com- 
ponents are usually too many and too weak to be 
measured. In one instance, however, a spectral line at 
about 25,392 Mc/sec (assigned as 72,5—8:,7) showed a 
measurable doublet-like splitting in the range from 
5000 to 9000 oersteds. The doublet separation was found 
to be proportional to the field strength. At H=6000 
oersteds, for example, the frequency separation between 
the apparent doublet components was about 0.76 
Mc/sec. The approximate g-factor is 0.084+-0.010. 

The data for g (average value of the g-factors of two 
rotational states described above) are summarized in 
Table I. 


V. THEORY OF THE ROTATIONAL MAGNETIC 
MOMENT OF SYMMETRIC TOP MOLECULES 


The quantum mechanical theory of the magnetic 
effect of a charged particle rigidly attached to a sym- 
metric rotor was first derived by Condon.' The rigid 
rotor theory is certainly applicable to the effect of the 
nuclear charges and should be reasonably accurate for 
the electrons in the inner shells of atoms. Its validity, 
however, cannot be extended to those electrons which 
are loosely attached to the atoms. This fact has been 
clearly demonstrated by Wick’s theory of the rotational 
moment of diatomic molecules.*" For loosely attached 
electrons, a nonrigid rotor theory must be used to 

®*D. K. Coles, Phys. Rev. 74, 1194 (1948). 

10 B. P. Dailey, S. Golden, and E. B. Wilson, Jr., Phys. Rev. 74, 


1537 (1948). 
1G. C. Wick, Phys. Rev. 73, 51 (1948). 
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Taste I. Summary of data. 








Molecule z 


0.586+0.012 
+0.477+0.030 
0.439+0.009 
0.086.0.004 
0.084+0.010 
0.029+0.006 











* Average of two transitions. 


obtain agreement with experimental data. Since a 
polyatomic molecule has, in effect, both rigid and non- 
rigid constituents, a general theory will be worked out 
in this paper. 

The molecule under consideration is assumed to be 
a symmetric top, having two equal moments of inertia, 
A, about axes perpendicular to the figure axis and a 
third moment of inertia, C, about the figure axis. This 
consideration will automatically include the whole 
class of linear polyatomic molecules as a special case. 
The molecule is assumed to rotate about its center of 
mass as a rigid body. 

Let a charge, «, be rigidly attached to the molecule 
and thus be representative of a nuclear charge (intrin- 
s cally positive) or the charge of a firmly bound electron 
(intrinsically negative). Its position is described by the 
distance, a, measured from the figure axis and another 
distance, 6, from the center of mass along the figure 
axis. In the case of a firmly bound electron, these coor- 
dinates are considered as being averaged over a static 
distribution function. Let there be also an electron, 
having charge, —e, and mass, m. This electron is taken 
to be representative of those loosely attached to the 
molecule. The effects of nuclear and electron spins are 
neglected. 

Let the Cartesian coordinate system x, y, z be fixed 
in space and another system 2’, y’,z’ be fixed in the 
molecule, where z’ is chosen to be coincident with the 
figure axis. Both systems have a common origin at the 
center of mass and their relative orientation is specified 
by the Eulerian angles (6, ¢, ¥) in the usual manner. 
The constant magnetic field H is assumed to be along 
the z-axis of the space-fixed system. 

The Lagrangian function for the rigid body with a 
bound charge and a “free” electron in a magnetic field is 


L= Ti+ T2—- V+ (€/c)v.-A.— (e/c)ve- Ae, (3) 


where 7; and 7: are, respectively, the kinetic energies 
of the rigid rotor and the electron, V the total potential 
energy, v the velocity of a charged particle, and A the 
vector potential. The vector potential A has the com- 
ponents A,=—yH/2, Ay=xH/2, and A,=0 in the 
space-fixed system. * 

The Lagrangian function in Eq. (3) can be expressed 
in the coordinates of (0, ¢, w) and (2’, y’, 2’) and their 
time derivatives (6, ¢, ¥) and (2’, 9’, 2’) by an ortho- 
gonal transformation. Here, the primed quantities are 
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the coordinates of the electron alone. The nonrigid 
nature of the electronic motion is provided by the 
presence of 2’, y’, and 2’. Let q stand for one of the 
coordinates 0, ¢, y, x’, y’, 2’, and f for the generalized 
momentum conjugate to that coordinate. Thus, there 
are six such generalized momenta determined by the 
relation p= 0L/0q,. The Hamiltonian of the whole 
system is then = }°.pigs—L. The complete result of 
these transformations is 


_ sind) G? 
2A sind 2C 


(Pg cosd— Py)? 
2A sin’ 


1 
tor { pe + py? + pe} 
2m 


eH 1 seH\? 
+—wi—(—) ov, @ 
2mc 2m \ 2c 

where 


Oe= Pe— po— (€H/2c)[—a cosd(b cosé+a siné sing) ], 
Os= Ps— ps— (eH /2c)[a(a cos6—b sing siné) J, 
Oy = Py— py— (eH /2c)[a? cos*+ (6 sind—a cos@ sing) ], 
Po, Ps, Py and pz, py, pa are the generalized momenta, 
po=cos¢(y' pe —2'py)—sing(s' pe —x' py’), 
Po= x’ by —y' Pz, 
py=cosO(x' py —y'pz)+sinO sing(y’p.—2' py) 

+sin@ cos¢(z’p.—x'p,), 
(x’ sin@ sing 

+y’ siné cos@+2’ cos6)?. 


Equation (4) can be expanded, noting the noncom- 
mutability of each pair of canonically conjugate 
variables. For simplicity, only the unperturbed Hamil- 
tonian and those terms which will eventually contribute 
to the first- and second-order perturbation energies, 
both linear in H, will be retained. The result can be 
written as 


p= (2+ +) 


K=HotK'’+H"'+---, (S) 
where 


P,(sinPs) P,? (P, cosé— Py)? 


2Asind 2C.—2A sin’ 


1 
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2c A 
The transcription of Eq. (5) into the quantum- 


mechanical expression is conveniently done by noting 
Po9,=—thd/dQ;, where Q.=0, ¢, or ¥, and h=h/2z, 


Pa,= —thd/dq, where q.=<x’, y’, or 2’. (6) 
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The quantities , ~,, and ~y, known as the “internal” 
angular momenta, will remain unchanged. 
The solution of 0¥=WY, where . 


v= v8, 9g, ¥, x’, y’, 2’), 


is readily obtained by the perturbation method. The 
solution for 3oVo=Wo¥o may be assumed to be 
Wo= O(0)e**Fe*M¥ f(x’, y’, 2’). The first-order perturba- 
tion energy W; in W=Wo+Wi+W2+ - -- is (retaining 
only the significant terms linear in H) 


— Kt at a 
2l A JU+I)\C. A 





W,=—Mh 


baal 0), (7 
gos oe ri (0|p6|0), (7) 


where 


J=total angular momentum quantum number of the 
molecule, 

K=rotational quantum number along figure axis, 

M=magnetic quantum number. 


The bracketed quantity on the right-hand side of Eq. 
(7) represents the contribution of the bound charge e 
to the magnetic perturbation energy. This is the result 
obtained by Condon for a charge rigidly attached to a 
symmetric rotor.'! The second tern. would be the con- 
tribution due to the orbital motion of the electron, if 
the matrix element (0| ~,/0) were not zero. However, 
for a molecule containing many electrons, it is this 
quantity summed over all the electrons that is of 
importance. This sum total is known to be zero” if the 
polyatomic molecule is in the 'Z-state, which is the case 
most frequently encountered. Consequently, the second 
term in Eq. (7) will be dropped for the present dis- 
cussion of molecules in the '2-state. 

The second-order perturbation gives an energy change 
which is, on neglecting terms in H?, 


eH 1 Ano 
W.=Mi— F¥ ——| 
mc nO (E,- Eo) A 


K? Yn0" _ no? 
+ (> =I (8) 
J(J+1) 


where 


ano? P= 4{ | (n| Le|0)| 

Yn0= | (n| Le |0) ¥ ’ 

Le=y' py 1—% Py’ , 

Ly =2'py—x' py, 

Ly=x'py—y po = Po, 

Eo= energy of the electronic ground state, and 
E,,= energy of the mth excited state. 


2 J. H. Van Vieck, The Theory of Electric and Magnetic Suscep- 
tibilities (Oxford University Press, 1932), p. 274. 
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Equation (8) represents the contribution from a non- 
rigid electron in a symmetric top molecule to the mag- 
netic perturbation energy. When applied to the special 
case of a linear or diatomic molecule, Eq. (8) is reduced 
to a form in exact agreement with that derived by 
Wick.*-4 

For a molecule, it is necessary to sum W, in Eq. (7) 
over all bound charges (nuclear charges and bound elec- 
trons) and Wz in Eq. (8) for all “free” electrons. Let 


N n 
Wr= ps (Wi) +X (W2);. 


Wy represents the total contribution of all charged 
particles in the molecule to the part of the magnetic 
perturbation energy that is proportional to the mag- 
netic field. Such a procedure is valid only under the 
assumption that each particle behaves as if it is in a 
field specified by its space coordinates alone. Then it is 
possible to express the result in terms of the magnetic 
moment of the molecule through the equation Wy= 
—pnH, where uy is the component of the magnetic 
moment p along the magnetic field. Or the result can 
be even more conveniently expressed in terms of the 
g-factor in the equation Wy= —MgyoH, where M is, 
again, the magnetic quantum number, yuo is equal to 
eh/2M yc (the nuclear magneton in terms of the proton 
mass M,). The final expression for the g-factor is 
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where @=A/M, and C=C/M,. 
VI. DISCUSSION OF RESULTS 


Although it is seen from the preceding section that it 
is theoretically possible to calculate the rotational mag- 
netic moment of any linear or symmetric molecule, yet, 
in practice, only the contribution from the nuclear 
charges can be handled without difficulty. It is true 
that a reasonably good approximation should be possible 
for the effect of inner shell electrons which are tightly 
bound to an atom in the molecule; but the problem con- 
cerning the loosely bound electrons cannot be solved 
quantitatively unless one has extensive knowledge con- 
cerning the electronic wave functions. As such knowl- 
edge is still lacking for the molecules under considera- 
tion, only a qualitative discussion of the experimental 
results will be made. 

There is, in general, no apparent contradiction 
between the theory and experiment as regards the order 
of magnitude of the molecular rotational magnetic 
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moment and its dependence upon the parameters such 
as the moments of inertia, charge distribution, internal 
angular velocity, and rotational quantum numbers. 
According to the theory, the nuclear charges always 
contribute to a positive g-factor, whose value ranges 
from about unity for molecules made up of light atoms 
to approximately one-half for molecules made up of 
medium heavy atoms. This is primarily due to the 
smaller charge-to-mass ratio of the heavier nuclei for 
comparable internuclear distances. This trend of 
generally descending g-factor for heavier molecules is 
quite apparent from the experimental data. The theory 
further asserts that the electronic contribution to the 
g-factor is a variable quantity depending principally 
upon the interaction between the electron and the 
electric field due to the rest of the molecule. If the 
electron is very tightly bound to the molecule, then its 
effect could amost completely compensate that of an 
equal and opposite charge in the neighboring nucleus. 
If the charge distribution is farther away from the 
center of mass than the corresponding nuclear charge, 
the net g-factor could be negative. Experimentally, the 
linear molecules NO and OCS have g-factors which are 
respectively about seven and seventeen times smaller 
than the nuclear contributions. The effect of bound 
charges is evidently very large in both cases. In fact, 
there is some grounds for believing that the g-factor of 
OCS may be negative from some recent data on the 
OCS* Zeeman spectra. 

If, however, an electron is loosely bound in the 
molecule, the theory predicts, as first pointed out by 
Wick, a considerably smaller effect for its magnetic 
contribution relative to the effect of the nuclear charges. 
The electron is, to use a physical picture, “slipping” 
behind the rigid rotation of the nuclei. The slip could be 
one hundred percent if the nondiagonal matrix elements 
of L,, Ly, and L, were all zero for a symmetric top 
molecule. Under this condition, the nuclear charges 
would produce their full effects in the rotational 
moment. While in practice such complete slip has never 
been known to exist in a molecule, the case of the H» 
molecule comes remarkably close to the condition. In 
the present experiment, the g-factors of H.O, HDO, and 
NH; have been found to be large. To interpret this 
result as due to a rigid rotation of electrons would 
necessitate some distribution of electronic charges | 
abnormally close to the center of mass. It seems much 
more plausible to picture the electrons associated with 
the hydrogen atoms in these molecules as being similar 
to those in the hydrogen molecule. Wick’s interpretation 
of nonrigid rotation of electrons is thus supported by 
the present evidence. 

The theory is also explicit concerning the dependence 
of the rotational g-factor on the rotational quantum 
numbers for a symmetric top molecule. The available 
experimental evidence cannot be said to have established 
this dependence unambiguously. The only symmetric 
top molecule dealt with here is the NH; molecule. It has 
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just been shown that the nuclear charge rotation is the 
principal contributor to the magnetic moment because 
of the electronic slippage. Calculation shows that the 
coefficient of the K?/J(J+-1) term in the first summation 
in Eq. (9) is indeed very small, thus making the g-factor 
essentially independent of the quantum numbers. 
However, this situation should be regarded as somewhat 
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accidental. In a more general case, a dependence of the 
g-factor on rotational quantum numbers is to be ex- 
pected. The case of the water molecule, discussed in 
Sec. IV, indirectly supports this viewpoint. 

The author is greatly indebted to Professor J. H. 
Van Vleck for advice concerning the theoretical aspects 
of this paper. 
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Radioactivities of Ru'®, Rh'”, Br**, and Br** 


R. B. Durrretp* anp L. M. LaAncert 
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(Received September 18, 1950) 


A lens spectrometer was used to study the disintegrations of Ru™¥4.5 hr), Rh’ (36.2 hr), Br™ (32 min), 
and Br® (2.4 hr). Ru'® emits a simple beta-spectrum with an end-point energy of 1.150-+0.006 Mev. This is 
followed by a 0.726-Mev gamma-ray to a metastable level in Rh’. The decay to the ground state of Rh'® 
proceeds with a gamma-ray of about 0.1 Mev, with a half-life of 45 seconds. The ground state of Rh'® emits 
a simple beta-spectrum of 0.570+-0.005 Mev. No gamma-ray appears to be associated with this decay. Br™ 
emits a complex beta-spectrum which can be resolved into at least four groups with end points and relative 
intensities of 4.679 Mev (40 percent), 3.56 Mev (9 percent), 2.53 Mev (16 percent), and 1.72 Mev (35 per- 
cent). The 4.679-Mev group, which goes directly to the ground state of Kr*, does not have a forbidden 
spectrum shape. It is suggested that the 32-minute half-life may be associated with an isomeric level above 
the ground state of Br. The decay of Br® consists of a single beta-ray group with a maximum energy of 


0.940+0.010 Mev. 


I. INTRODUCTION 


HE availability of a large magnetic lens spec- 
trometer, located close to a nuclear reactor, sug- 
gested the possibility of a more detailed investigation 
of the disintegration of Ru’ (4.5 hr), Rh! (36.2 hr), 
Br™ (32 min), and Br® (2.4 hr). The spectrometer 
measurements have been supplemented by coincidence 
and absorption studies. 

Ru! decays by negatron emission to Rh’, which in 
turn goes to Pd', Earlier investigations,’~* using ab- 
sorption techniques, report values for the beta-ray end 
point of 1.3, 1.4, and 1.5 Mev, and values for the energy 
of a gamma-ray of 0.7 and 0.76 Mev. The Rh! 
activity was reported! * 5 again by absorption methods, 
to have a beta-ray of end-point energy between 0.5 and 
0.78 Mev. A weak gamma-ray of 0.3 Mev has also been 
reported." § 

In addition to yielding more precise values of the 
beta- and gamma-ray energies, the present investigation 
has revealed the existence of a 45-second metastable 

* University of Illinois, Urbana, Illinois. 

Indiana University, Bloomington, Indiana. 
This work was performed under the auspices of the AEC. 
1 Sullivan, Sleight, and Gladrow, Plutonium Project Report 


CC-1493 (1944), unpublished. 
2H. J. Born and W. Seelmann-Eggebert, Naturwiss. 31, 420 


(1943). 
+E. Bohr and N. Hole, Arkiv Mat. Astron. Fysik 32A, No. 15 
1948) 


( e 
( ‘Nishina, Yasaki, Kimura, and Ikawa, Phys. Rev. 59, 323 
1941). 

5C. E. Mandeville and E. Shapiro, Phys. Rev. 80, 125 (1950). 


level located about 0.1 Mev above the ground state of 


‘Rh’, The 0.3-Mev gamma-ray previously associated 


with the Rh’ activity was not observed. An energy 
level scheme for the Ru!°— Rh!%— Pd! transitions is 
suggested, which is not inconsistent with the predictions 
of the nuclear shell model.*7 

The investigation of the Br™ activity was instituted 
mainly because earlier considerations, based on the 
available data and on the predictions of the nuclear 
shell model,**® suggested that the high energy beta- 
transition should, if it were between the ground states 
of Br* and Kr®, exhibit a spectrum shape characteristic 
of a forbidden transition. Earlier absorption work*? 
reports values of 5.3 and 4.5 Mev for the maximum 
energy of the beta-rays. The results of the present inves- 
tigation show that the Br™ beta-decay is complex, 
consisting of at least four groups. Moreover, the highest 
energy group, with end-point energy of 4.679+0.010 
Mev is found to have an allowed shape. Since coin- 
cidence experiments indicate that this transition is 
directly to the ground state of Kr™, the absence of a 
forbidden shape is inconsistent with what appear to be 
very reasonable predictions of the nuclear shell model. 


*M. G. Mayer, Phys. Rev. 78, 16 (1950). 
™L. W. Nordheim, Phys. Rev. 78, 294 (1950). 
* E. Feenberg and K. C. Hammock, Phys. Rev. 75, 1877 (1949). 
*S. Katcoff, Plutonium Project Report CC-2310, 52 (1945), 
unpublished. 
oa, J. Born and W. Seelmann-Eggebert, Naturwiss. 31, 201 
1 % 





204 R. 8. 


It is suggested that the 32-min half-life may be charac- 
teristic of a metastable level feeding the ground state 
of Br. Under such conditions, the beta-transition to 
the ground state of Kr* would be allowed and the half- 
life would be expected to be less than 5 sec. Such an 
allowed transition is provided by one interpretation of 
the shell model.*’7 An attempt to isolate the lower 
isomeric state by means of a Szilard-Chalmers separa- 
tion was unsuccessful. 

The measurement of the Br® spectrum was obtained 
as a by-product of the Br®™ investigation. End-point 
values of 1.05 and 0.9 Mev had been obtained earlier 
by absorption." No gamma-radiation was found.” 
From the present study, it appears that the beta- 
spectrum is simple, with an end point of 0.940+-0.010 
Mev. 


Il. EXPERIMENTAL PROCEDURE 


The energy measurements were made in the large 
magnetic lens spectrometer described in another paper.'® 
A G-M tube with a 3.6-mg/cm? mica end window and a 
0.5-inch diameter aperture was employed as a detector. 
With sources of 0.5-inch diameter, the instrument was 
operated at resolutions of both 3 and 6 percent. The 
decay periods of all spectra and lines were checked in 
the spectrometer. 

The beta-gamma- and gamma-gamma-coincidence 
measurements were made with an arrangement em- 
ploying two anthracene scintillation counters and an 
amplifier with a resolving time of 0.2ysec. 

The Ru! was made by a (n,7) reaction on Ru™., 
Normal ruthenium, previously purified by distillation 
from perchloric acid was activated by neutron irradi- 
ation in the thermal column of a nuclear reactor. Short 
irradiation times produced a negligible intensity of the 
41-day Ru'®. The source used for the measurement of 
the beta-spectrum consisted of powdered ruthenium 
metal, uniformly deposited op.a.thin aluminum backing. 
The thickness of the ruthenitim was 12 mg/cm? and of 
the backing, 1.4 mg/cm*. The half-life of 4.5 hours was 
checked at various points of the spectrum, and also in 
the coincidence experiments. 

The Rh’ was prepared by beta-decay of Ru! 
Purified ruthenium trichloride was irradiated with slow 
neutrons. The 4.5-hr Ru'® was allowed to decay and 
the ruthenium then was distilled away from the Rh! 
out of perchloric acid solution. The source used for the 
measurement of the beta-spectrum consisted of rhodium 
sulfide with a thickness of 0.7 mg/cm? mounted on 
aluminum foil of thickness 1.4 mg/cm*. The thickness 
of the deposit was quite uniform. The source decayed 
with a half-life of 36.2 hours measured over six half- 
lives. 

1 A. Langsdorf, Jr., and E. Segré, Phys. Rev. 57, 105 (1940). 

21. E. Glendenin, NNES-PPR, Vol. 9B, No. 7.3.1 (1940), 
unpublished. 

18 A. H. Snell, Phys. Rev. 52, 1007 (1937). 

“LL. E. Glendenin, Plutonium Project Report CC-920, 35 


(1943), unpublished. 
4 L. M. Langer, Phys. Rev. 77, 50 (1950). 
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A 45-second isomeric state of Rh’, found by the 
decay of the 4.5-hr Ru’, was found by performing a 
rapid chemical separation of rhodium from ruthenium. 
Ruthenium trichloride, previously neutron-irradiated 
to produce Ru! , was oxidized by perchloric acid to 
volatile RuO,. The latter was then distilled from the 
solution and collected on a platinum plate cooled with 
dry ice. This was allowed to stand for a few minutes; 
and then the RuQO, was vaporized by rapid heating, 
leaving the rhodium decay product on the platinum 
plate, on which it was counted directly. 

Br® and Br* were separated from other uranium 
fission products. Uranyl nitrate, enriched in U™**, was 
irradiated in the thermal column of a nuclear reactor, 
then dissolved in nitric acid with the addition of bromine 
and iodine carriers. The bromine and iodine fission 
products were then distilled into 0.1N nitric acid con- 
taining sodium nitrite to reduce the bromine to bromide. 
The iodine was extracted into carbon tetrachloride and 
discarded. The bromide was then precipitated as silver 
bromide. Two sources were prepared for the deter- 
mination of the Br™ beta-spectrum; the first had a 
thickness of 4 mg/cm? and the second a thickness of 2.5 
mg/cm?. Each was deposited on 7 mg/cm? of filter paper 
and mounted on 1 mg/cm? of aluminum. Only the 
second source was used in determining the Br® spectrum 
after all Br* had disappeared. The Br™ spectrum was 
found to decay with a half-life of 32 minutes over seven 
half-lives. The Br spectrum decayed with a half-life of 
2.4 hours. 


Ill. RESULTS 
Ru 


Figure 1 is a Fermi plot of the data obtained on the 
beta-spectrum of Ru’, The resolution of the spec- 
trometer was 6 percent. There is evidently only one 
group of electrons, and the spectrum is of the allowed 
form. The end point is 1.150-+0.006 Mev. There was no 
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Fic. 1, Fermi plot of the Ru’ beta-spectrum. 
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evidence of any conversion electron lines at energies 
above 0.250 Mev. 

A search was made for gamma-radiation, using both 
a 0.0006-in. uranium radiator and a 0.002-in. silver 
radiator and a strong source of Ru! in the spectrometer. 
Compton and photo-electrons were found corresponding 
to a gamma-ray of 0.726+0.007 Mev. No other gamma- 
rays of energy greater than 0.125 Mev could be found. 

Beta-gamma-, but no gamma-gamma-coincidences 
were found. Figure 2 shows an absorption curve on 
these coincidences. The beta-gamma coincidence rate 
per beta-particle is independent of absorber thickness, 
indicating that the 0.726-Mev gamma-ray is in cascade 
with the beta-ray. 

From the absence of any measurable internal con- 
version, it is inferred that the 0.726-Mev gamma-radia- 
tion is of low polarity. 


Rh! 


Figure 3 is a Fermi plot of the beta-spectrum of the 
36.2-hr Rh'® taken with a resolution of 6 percent. The 
spectrum has an allowed shape and the decay evidently 
consists of only one group. The end point is 0.570+0.005 
Mev. A careful search was made for internal conversion 
electrons in the neighborhood of 0.3 Mev. None were 
found. . 

A search was also made for gamma-radiation using a 
strong source and an anthracene scintillation counter 
detector. No measurable effect above background could 
be found. 


45-Sec Rh’®* Isomer 


Considerations of the nuclear shell model for the 
Rh’ nucleus suggested the possibility that a short-lived 
isomer might exist but might have previously escaped 
detection. Rh’, a similar nucleus, is known to have a 
57-min metastable state. A rapid chemical separation 
of rhodium from Ru’ was made by the procedure 
described above. Figure 4 shows that the rhodium, so 
isolated, decays with a 45-sec half-life. A crude absorp- 
tion curve on this activity yielded a range of 15 mg/cm? 
of Al, corresponding to an energy of approximately 0.1 
Mev for the internal conversion electrons from the 
isomeric transition.§ 


Br* 


Figure 5 shows the momentum distribution of the 
beta-particles emitted by Br. The spectrum, taken 
with a resolution of 3 percent, is obviously complex. The 
broken curves show the results of an analysis into four 
groups on the basis of the Fermi plot illustrated in 
Fig. 6. The end points and relative contributions are: 
4.679+0.010 Mev, 40 percent; 3.56 Mev, 9 percent; 

§ Note added See Recently, P. Axel and R. B. Duffield 
have observed the K and Z internal conversion lines in a magnetic 
spectrometer. From these measurements, the energy of the gamma- 


transition is 0.130+-0.002 Mev. The ratio of K to L conversion 
is 1.4. 
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Fic. 2. Beta-gamma coincidence absorption of the Ru! 
activity. 


2.53 Mev, 16 percent; 1.72 Mev, 35 percent. Because of 
the errors involved in performing the multiple sub- 
tractions in this analysis, it is difficult to estimate the 
accuracy of the end points and of the percentages to be 
attributed to the inner groups. On the assumption that 
the 32-min half-life is that of the ground state of Br®™, 
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Fic. 3. Fermi plot of the Rh’ beta-spectrum. 


the log(fi) values to be associated with each group are 
respectively: 7.75, 7.9, 6.95, 5.9. 

It is significant that the highest energy group (4.679 
Mev) yields a straight-line Fermi plot corresponding to 
an allowed spectrum shape. Under essentially identical 
conditions, the spectrum of Rb*, which has an atomic 
number and maximum energy not very different from 
those of Br“, was found to have a shape characteristic 
of a once-forbidden transition involving a change of 
two units of angular momentum and a parity change."* 


‘6 Bunker, Langer and Moffat, Phys. Rev. 81, 30 (1951). 








206 mo SB. 
The shape of the 4.7-Mev Br®™ spectrum suggests then 
that the transition is either allowed or once-forbidden 
with a spin change’ of zero or one. 

Results of coincidence measurements indicate that 
there are no gamma-rays associated with electrons of 
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Fic. 4. Decay of the 45-sec Rh'® metastable state. 


energy greater than 3.5 Mev. The 4.7-Mev group 
therefore appears to go directly to the ground state of 
Kr™. Relatively large numbers of gamma-gamma-coin- 
cidences were observed, consistent with the complexity 
of the beta-ray spectrum. 

Because a sufficiently strong source was not readily 








Fic. 5. Momentum distribution of the Br™ beta-rays. The 
broken line curves show the resolution into groups according to 
the Fermi plot analysis. 


DUFFIELD AND L. M. 


LANGER 


available, no attempt was made to determine the energy 
of the gamma-rays in the spectrometer. 

An unsuccessful attempt was made to separate the 
possible isomeric states of Br by chemical means. The 
Br*, in the form of BrOs~ in aqueous solution, was 
allowed to stand for a few minutes in contact with 
inactive Br2. The Br2 was then extracted into carbon 
tetrachloride, transferred to a counting cell placed 
around a Geiger tube, and the activity determined by 
automatic recording of the output of a scale of 256 unit. 
Any decay with a half-life between 30 sec and 10 min 
would have been observed. None was seen. It is con- 
cluded that the isomer, if it exists, has a half-life of less 
than 30 sec, or that the gamma-ray associated with the 
isomeric transition is not sufficiently converted to give 
a measurable chemical separation of the isomers. 


Br® 


Figure 7 shows the momentum distribution of the 
electrons from Br* taken with a resolution of 3 percent. 
These data were obtained with the same source as was 
used for the Br™ spectrum determination but after all 
the Br™ had decayed to a completely negligible inten- 
sity. Figure 8 is a Fermi plot of the beta-spectrum of 
Br®, There appears to be only one group with an end 
point at 0.905+0.010 Mev. 


IV. DISCUSSION AND CONCLUSIONS 


Figure 9 shows a decay scheme for the Ru!'— Rh! 
— Pd! transitions which accounts for the observed data 
and which is essentially consistent with present ideas 
on nuclear shell structure.*-*, The isomerism of Rh! is 
understandable, since the p1/2 and gz states appear to 
have closely the same energy.* The assignment of g7/2 
or dsy2 to the high excited state in Rh’ is a guess based 
upon the assumption that all other states are already 
filled in the lower shell. 

With the assignment of states as indicated in Fig. 9, 
the observed beta- and gamma-transitions would out- 
compete all other possibilities, as is required. The only 
weak point in the scheme appears to be the apparently 
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Fic. 6. Fermi plot of the Br™ beta-spectrum. 
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Fic. 7. Momentum distribution of the Br® beta-rays. 


low comparative half-life (log/t=5.5) to be associated 
with the once-forbidden ~1/2—51/2 transition from Rh'!® 
to Pd!®, An alternative assignment, which would ob- 
viate this difficulty, would be to invert the go2 and py 
levels in Rh'® and assign gz2 to the ground state of 
Pd, This, however, would require a d3/2 level for the 
high excited state of Rh’. Although the dy level is 
rather high up in the next shell, such an assignment 
for a high excited state is perhaps not unreasonable, so 
that this scheme may be preferable to that shown in 
Fig. 9. A measurement of the spin of Pd! would be 
very informative. 

The Br®™ nucleus contains both an odd proton and an 
odd neutron. According to the concepts of the nuclear 
shell model, one might expect the thirty-fifth proton to 
be ps2 or possibly fs/2. The forty-ninth neutron occurs 
in a region where p12 and goo have about the same 
energy. If one attempts to form the resultant state for 
Br* according to the empirical rules of Nordheim,’ one 
gets the following possible combinations for the spin 
and parity: 

Soi2t 892 
fortPrye 
Pot go/2 
ps2t pre 


The ground state of Kr™, which is an even-even nucleus, 
is presumably zero, even. One might expect, then, that 
for any of the first three combinations, the beta-transi- 
tion from the ground state of Br® to that of Kr* should 
result in a spectrum with a shape measurably different 
from that found for allowed transitions.'? Only the 
ps/2— P12 combination would provide for the observed 
allowed spectrum shape of the 4.679-Mev transition 
which, according to the coincidence measurements, does 
go to the ground state of Kr. However, the high com- 
parative half-life (based upon a 32-min decay) would be 
inconsistent with the allowed character of such a 


“4a7L M. Langer and H. C. Price, Jr., Phys. Rev. 76, 644 (1949). 


2, odd 

2, even 
high, odd 
1, even. 


Fic. 8. Fermi plot of the Br® beta-spectrum. 


transition. It is therefore suggested that the 32-min 
half-life might be associated with an isomeric level 
somewhat above the 3;2— 12 ground state of Br™. 
Excitation of the odd proton to form the ps2— g92 com- 
bination would provide the conditions necessary for 
isomerism. The known isomerism in the neighbor odd- 
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Fic. 9. Energy level diagram for the 
Ru’ —Rh— Pdi®® decay, 


odd nucleus Br* offers some precedent for this idea. 
Under such circumstances, one would expect the half-life 
of the ground state of Br®™ to be less than 5 seconds. 

The 2.4-hr Br® decay appears to be simply that of an 
allowed transition from the p32 ground state of Br® to 
the pi2 ground state of Kr®. On the basis of the 
0.94-Mev end point and the 2.4-hr half-life, the log(/#) 
for this transition is 5.0. 

The authors would like to acknowledge the coopera- 
tion of many members of the Los Alamos Scientific 
Laboratory. In particular, they want to thank Mr. A. 
Freedman and Mr. R. D. Moffat for help in making 
some of the measurements. 
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The L X-Ray Spectra from Radioactive Decay of Transuranium Elements* 
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A bent crystal x-ray spectrometer is described, and some results are given on the analysis of L-series 
x-rays produced in radioactive decay processes of transuranium elements. There is generally good agreement 
between measured energy values of L-series lines and those predicted by the Moseley relationship. The 
relative intensities of the various lines produced in this case from y-ray internal conversion, are compared 
with those emitted from uranium excited by electron bombardment and values reported of internal con- 


version excited x-rays in the region of lead. 





I. INTRODUCTION 


HE x-rays accompanying radioactive decay proc- 
esses are capable of yielding a considerable 
amount of information on the nature of these processes. 
For some purposes simple detection may be adequate, 
but much potential information can come to light only 
if the x-ray spectra are resolved. As an example, 
spectrometry of x-rays enables one to distinguish be- 
tween electron capture and isomeric transition processes 
and, in particular, to aid in the resolution of decay 
schemes for nuclei which undergo more than one mode 
of decay. In another study! the identification of x-rays 
has revealed an unsuspected electron-capture branching 
in the decay of Am", 

In many transitions the K-electron levels are “ex- 
cited” and for these considerable information can be 
obtained from weak sources by absorption methods 
because of the simplicity of the K x-ray spectra. 
However, the complexity of Z x-ray spectra renders 
absorption techniques largely ineffective; and a method 
capable of greater discrimination is needed. Among the 
heaviest elements, for which K-electron binding energies 
are around 100 kev, it would seem from the scanty data 
so far available that many of the decay processes do 
not excite the K level and that only L x-rays are 
observable. 

It is with the measurement of the L x-ray spectra 
from the decay of heavy nuclei that the present com- 
munication is concerned. The method used is capable 
of a moderately high degree of precision and consists of 
diffraction separation using an oriented thin bent 
crystal. Since the x-rays examined were those of 
transuranium elements, the x-ray energies obtained are 
of interest in themselves, since it may be seen whether 
or not they agree with extrapolations from lower 
elements. 

The x-rays with which the present report is concerned 
have their origin in the internal conversion of gamma- 
rays. In addition to the goals of x-ray spectrometry 
already mentioned, the measurement of relative in- 
tensities of various transitions as they are related to the 


* This work was performed under the auspices of the AEC. 

t Now at the Argonne National Laboratory, Chicago, Illinois. 

1 O’Kelley, Barton, Crane, and Perlman, Phys. Rev. 80, 293 
(1950). 


relative conversion coefficients in the various levels are 
of obvious importance in understanding the process of 
y-ray internal conversion. Kinsey? has reviewed the 
problem in the heavy element region, and in a second 
paper’ gives data on ThC and RaD taken by absorption 
and coincidence counting methods. The data to be 
reported here are in some details at variance with the 
generalizations made from the observations on ThC 
and RaD. 

The possibility of making a focusing x-ray spectrom- 
eter was examined originally by de Broglie and by 
Darbord.® Later a more complete study of the practical 
aspects of the problem was made by DuMond and 
Kirkpatrick.* Shortly after this the first generally 
satisfactory instrument was devised by Cauchois,’ and 
her approach is that which has been adopted by a 
number of others. The essential feature of a Cauchois 
instrument is the use of an elastically bent crystal to 
permit focusing of radiation with high resolution and 
without structural complications. 

Abelson® was the first to use a bent crystal spectro- 
graph to observe x-rays from a radioactive decay 
process, and among other measurements he identified 
molybdenum x-rays from the electron-capture decay of 
element 43 (technetium). Pool and co-workers’ have 
made extensive use of this technique in their identifica- 
tion of radioactive species, as has the group at Zurich.'° 
A large radius spectrometer has been built and used by 
DuMond!" for precision measurement of photon energies 
from the conventional x-ray region into the range of 
a Mev. 

The present report.describes a bent crystal spectrom- 
eter and its use in determining the LZ x-ray spectra of 
two of the transuranium elements, neptunium, and 


2B. B. Kinsey, Can. J. Research 26A, 404 (1948). 

* Reference 2, p. 421. 

4L. de Broglie, Compt. rend. 158, 944 (1914). 

5 R. Darbord, J. phys. radium 3, 212 (1922). 

6 J. W. M. DuMond and H. A. Kirkpatrick, Rev. Sci. Instr. 1, 
88 (1930). 

TY. Cauchois, J. phys. radium 3, * ea 61 (1933). 

8 P. Abelson, Phys. Rev. 56, 753 (193 

® Edwards, Pool, and Blake, Phys. a 67, 151 (1945); J. E 
Edwards and M. L. Pool, Phys. Rev. 72, 384 (1947); K. D 
Coleman and M. L. Pool, Phys. Rev. 72, 1070 (1947). 

© Marmier, Blaser, Preiswerk, and Scherrer, Helv. Phys. Acta. 
22, 155 (1949); 21, 198 (1948). 

uJ. W. M. DuMond, Rev. Sci. Instr. 18, 626 (1947). 
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L X-RAY SPECTRA FROM RADIOACTIVE DECAY 


plutonium. These x-rays arise from internal conversion 
of gamma-rays accompanying the alpha-decay of iso- 
topes of americium and curium, respectively. 


Il. METHODS 


The spectrometer used in the present studies was 
designed as a monochromator using a counter tube as 
detector. A scale drawing of the essential parts may be 
seen in Fig. 1 in which the sample (2), its collimator (4), 
the crystal (1), and the counter (9) with its collimator 
(8) are shown in line. The sample holder is mounted on 
an arm which rotates it on the focal circle of 5-inch 
radius facing the concave side of the crystal. As pointed 
out by DuMond," if the counter is placed on the convex 
side and the source on the concave side, there is a 
considerable increase in efficiency over the opposite 
arrangement, since all x-rays from the source are inci- 
dent upon the crystal at the appropriate angle for 
diffraction. The crystal used for the measurements to 
be reported was quartz 0.008 inch thick cut perpen- 
dicular to the 310 planes. A tool steel holder with an 
aperture ? in. longX} in. high and surfaces machined 
to a radius of 10 inches clamps the crystal so that its 
center is tangent to the focal circle and all crystal 
planes are directed at a point on the opposite side of 
the focal circle. 

In operation on continuous sweep the motor (5) 
rotates the sample holder arm and at the same time 
rotates the detector arm so that the angles between 
crystal planes and sample and between crystal planes 
and detector are equal. An arrangement of metal bands 
turns the sample holder so that the sample and its 
defining slit always face the crystal aperture. The gear 
changing box (6), operating through the worm gear 
(7), permits selection of angular speeds of the sample 
arm of 1, 1/5, 1/20, and 1/100 degree per minute. The 
position of the sample arm is read on the scale by 
means of a vernier. 

The counter is protected from stray radiation in 
several ways. The fine lead collimator (8) protects the 
counter tube from undiffracted x-rays passing through 
the crystal; in addition, the tube is placed in a lead 
cylinder and the fixed shield (10) gives still more 
protection against direct radiation from the sample. 
The counter used in the measurements to be reported 
was an end window proportional counter filled with 
xenon at a pressure of 55 cm Hg and methane at 15 cm. 
With no sample in place, the background counting rate 
was in the range 3 to 10 per minute, depending on the 
amount of activity in the adjacent laboratory. Inco- 
herent scattering contributed an additional background 
of about $ percent of the total x-radiation observed. 
This low background counting rate was made possible 
by operating the tube in a pulse height selection circuit 
to discriminate against radiation not in the energy 
range of the x-rays under measurement. 

Figure 2 shows a block diagram of the counting 
circuits. The tube is operated with the copper cathode 
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Fic. 1. Scale drawing of x-ray spectrometer. 


shell at high voltage in order to simplify the coupling 
of the small pulses from the proportional counter to 
the preamplifier. The preamplifier is mounted on the 
counter housing and amplifies the counter pulse about 
one hundred fold. The pulse height discriminator which 
follows the second amplifier can be adjusted both in 
band width and pass band; and, as mentioned, it is 
used to eliminate pulses which are not in the range of 
those produced by the x-rays under measurement. 
The recording system following the third amplifier 
includes a scaling circuit, which actuates a recording 
Streeter-Amet Traficounter, and a counting rate meter 
connected to an Esterline-Angus graphic milliammeter. 
The diffraction angle is read and recorded manually on 
the Traficounter tape at intervals. Points on the milli- 
ammeter record chart and on the Traficounter tape are 
related reliably to the angular position of the sample 
since all three are driven by synchronous motors. 

The method of converting the counting data to x-ray 
energies is based on the grating spacing of the 310 
planes of quartz which was taken to be 1.178A. From 
the measured diffraction angle and Bragg’s law, the 
wavelength is determined in Angstrom units; and this 
is converted to energy in kev units by the relation 
E=12.395/. An internal check on the value of the 
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Fic. 2. Block diagram of electronic circuits for proportional 
counter detector of the x-ray spectrometer. 


diffraction angle is obtained by observing it on both 
sides of the spectrometer zero point. Errors caused by 
inaccuracies in location of the sample or orientation of 
the crystal planes are eliminated in this manner. Other 
details of the methods will be found under discussion 
of the particular measurements. 


Ill. RESULTS 


It will be necessary to refer to the different compo- 
nents of the L x-ray spectra, and Fig. 3 shows a term 
diagram with the transitions observed in these studies 
designated according to the Siegbahn convention.” 
The particular levels shown are those for plutonium 
x-rays with energy values obtained by use of the 
Moseley relation :* 


E'= K(Z—c). 


The values for K and o were calculated from the level 
energies of Th and U as given by Siegbahn.“ The 
transition energies obtained in this manner have been 
used to identify the observed x-ray lines. The energies 
predicted for the major transitions from elements in 
the atomic number range 90 to 96 are listed in Table I. 


A. Plutonium X-Rays from Decay of Cm?” 


The isotope Cm? is an alpha-particle emitter with 
162-day half-life, prepared for the present study by the 
neutron irradiation of the 475-yr Am™! according to 
the following reactions: 


Am™!(n, y)Am™2" Am*4m___,Cm”#?, 
16 hr 


The alpha-decay of Cm* includes fine structure in 
which roughly 20 percent of the disintegrations go to 


2 Compton and Allison, X-rays in Theory and Experiment 
(D. Van Nostrand Company, Inc., New York, 1935), p. 596. 

3H. G. J. Moseley, Phil. Mag. 27, 703 (1914). 

4M. Siegbahn, Spektroskopie der Réntgensirahlen (Verlag. 
Julius Springer, Berlin, 1931). 
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an excited state of Pu* about 50 kev above the ground 
state.!° The accompanying y-ray transition is largely 
internally converted in the Z-shell and the x-rays 
measured in this study are those resulting from the 
refilling of these Z-orbit vacancies. The uncertainties 
in x-ray counting efficiencies allow an estimation of 
their number only between wide limits, but which for 
the present we take to be 10 LZ x-ray quanta per 100 
alpha-disintegrations. 

A sample'®* of CmF; emitting about 3X10* x-rays 
per second was mounted in a quartz capillary tube 
making a line source about 1 cm long. This capillary 
tube was held vertically in a lucite holder in the sample 
housing. No sample collimator was necessary because 
of the good definition of the source. 

Even so, it is likely that the resolution is limited by 
the sample width, since with similar samples not so 
homogeneous in their geometrical distribution, identical 
“fine structure” appeared in each line, which is inter- 
preted as an image of the sample distribution. 

The spectrometer was adjusted to sweep at a rate of 
1/20 degree per minute and the counts in each 0.8-min 
interval were recorded. Figure 4 shows one segment of 
the spectrum including the La; and Laz lines, in which 
both the spectrometer scale reading and the energy 
calibration are indicated. One unit of the spectrometer 
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Fic. 3. Term diagram, in which x-ray energy levels in the plu- 


tonium transitions observed in this study are indicated. 


48 G. D. O’Kelley and W. W. T. Crane, unpublished work. 
46a We are grateful to Mr. W. W. T. Crane for placing this 
sample of curium at our disposal. 
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TaBLE I. Calculated L-series x-ray energies. « 





Energy (kev) 
Line Transition 


Lui-M1 
Liu1-Miv 
Lin—My 
Lu-Mr 
Liui-N1 





Ln —-O1v 








scale corresponds to 4 degrees displacement of the 
sample arm; therefore, the angle traversed between the 
two peaks shown is only about 0.6 degree. 

Figure 5 shows curves obtained for the spectrum in 
the interval of approximately 14 to 22 kev, in which the 
two sections represent data taken on the two sides of 


the zero position. As mentioned, the mean diffraction . 


angle obtained from scale readings on both sides of the 
zero position is the true value, even though misalign- 
ment of the sample or the crystal planes would introduce 
an error in each of the single position readings. In 
obtaining these curves a system of curve smoothing 
was employed which averaged over each five adjacent 
points and plotted the number so obtained at the 
center of the smoothing interval. The relative heights 
of the peaks do not reproduce faithfully the abundances 
of the emitted x-ray lines, because no corrections have 
yet been made for the differences in reflection coefti- 
cients, counter efficiencies, and several sources of 
absorption. These will be discussed further below. 

Table II lists in the second and third columns the 
spectrometer scale readings corresponding to the lines 
of Fig. 5 for some of which there were two measure- 
ments. Another series of measurements has been made 
on a different curium sample and the results agree with 
those reported here both in energy of the lines and 
intensities. The last two columns of Table II give the 
angles of diffraction obtained from these readings and 
the corresponding energies. The level transition assign- 
ments of the lines were made by comparing with the 
calculated values listed in Table I. Table III compares 
our measured energy values for the L-series x-rays of 
plutonium (Table II) with those obtained by extrapo- 
lation and shown in Table I and with a set calculated 
by Monk and Allison,'® who used a formula of Sommer- 
feld’” derived by the old quantum theory. 

Of interest are the intensity values listed in the last 
three columns of Table III. The column headed 
“uranium” gives relative intensities measured by 
Allison!* from the electron bombardment of uranium. 


186A. T. Monk and S. K. Allison, Manhattan Project Metal- 
even! Laboratory Report CP-2120 (September, 1944) (unpub- 
ed) 


17 Compton and Allison, reference 12, p 
18S. K. Allison, Phys. Rev. 30, 245 tba); 22, 1 (1928). 


Comparing these values for uranium with similar 
measured ones for thorium indicates no gross changes 
with atomic number. The next column lists the observed 
intensities according to Fig. 5, and the last column, the 
corrected values normalized to the La, intensity taken 
to be 100. The corrections involved the following. The 
sample mounting, quartz crystal, and counter window 
were estimated to be equivalent to 150 mg/cm* alumi- 
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num for x-rays in this energy region, and absorption 
losses were calculated from the compilation of absorp- 
tion coefficients by Allen. The counting efficiency of 
the xenon tube for the different energy x-rays was 
estimated from calibrations by Crane and Ghiorso” 
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Fic. 5. L-series x-ray spectrum of plutonium following decay 
of Cm*™*, (Upper and lower plots show identical spectra taken 
on two sides of spectrometer zero position.) 


19S. J. M. Allen, reference 12, p. 800. 
” W. W. T. Crane and A. Ghiorso, unpublished work. 
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TasLe II. Plutonium Z x-rays from Cm decay. 











X-ray 
desig- 
nation 


Ley 


Spectrometer scale reading Angle of diffraction 
First Second 

position position 

34.932 

34.947 


34.940 
35.090 
32.500 
32.495 


32.497 


Energy 


(degrees) (kev) 





2).536+0.02 14.31+0.01 


21.846+0.02 14.14+0.01 


15.830 16.667+0.02 18.35+0.02 


32.650 
32.660 


32.655 
33.020 


31.262 
31.250 


31.256 
31.025 


17.91+0.02 
17.28+0.02 


- 16.99040.02 
17.725-+0.02 


17.065 
17.067 


17.066 21.46+0.04 


14,190+0.02 


Lvs 17.315 13.710+0.02 22.20+0.04 








and the reflection coefficient of the crystal is assumed 
to vary” as 1/E’. 

It would not be expected that there should be 
agreement between all of the relative intensities of 
x-rays resulting from electron bombardment as com- 
pared with those from y-ray internal conversion because 
of differences in the relative excitation of different 
L-levels. However, there should be agreement in the 
ratios of the different transitions arising from the same 
L-vacancy. If we normalize the a; intensities as in 
Table III, there is excellent agreement between uranium 
and plutonium intensities for the a1, 82, a2, and 8s lines, 
all of which are transitions involving the Ly level. 
However, those resulting from transitions to the Ly 
level (81, y1, and ye) are relatively twice as abundant 
for the internal conversion spectrum as for the electron 
bombardment spectrum. Furthermore, certain transi- 
tions involving the L; level seen in moderate abundance 
in the electron bombardment source are missing, and 
therefore lower by at least a factor of 5 in the internal 
conversion source. From electron bombardment of 
uranium the ratio L8;/L8,:=0.085, while the same 
ratio in our source is <0.016. Similar limits can be set 
for other lines representing Z; and Lyy1 vacancies. 

Kinsey* has used absorption methods to determine 
the Ly: transitions as related to the sum of Ly and Ly 
transitions for internal conversion processes in RaD 
and ThC. The present results on the internal conversion 
of a y-ray of an excited state of Pu™* show the ratio of 
Ly to Li x-rays to be in the range reported by Kinsey ; 
but the Z; x-rays were not detected, and a limit of 
20 percent of the number of L; vacancies formed by 


%! Lind, West, and DuMond, Phys. Rev. 77, 475 (1950). 


electron bombardment could be set. This observation 
is not consistent with the assumption** that the Z; level 
is always most strongly excited in internal conversion. 
Almost certainly the’relative incidence of vacancies is 
dependent upon both the energy of the -emission 
process and the selection rules, and differences are to 
be expected for different nuclei. 


B. Neptunium X-Rays from the Decay of Am** 


Through a mechanism similar to that in which 
plutonium x-rays are present following Cm™ alpha- 
decay, x-rays of neptunium result from the internal 
conversion of a gamma-ray from an excited state of 
Np*’ following the alpha-decay of Am™", The isotope 
Am™! has a half-life of somewhat less than 500 years, 
emitting alpha-particles measured as 5.45 Mev, a large 
fraction or all of which go to an excited state” of Np*’. 


TaBLe ITI. Comparison of predicted and observed energies 
and abundances in L-series x-rays of plutonium from alpha-decay 
of Cm** 
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Taste IV. Neptunium L x-rays from Am*! decay. 








Spectrometer 
scale reading 
Second 
setting 


Line 
desig- 
nation 


Energy (kev) 
(Measured) (Extrap.) 


13.98+0.03 13.98 


Angle of 
diffraction 


22.10+0.05 


First 
setting 





Le, 35.15 13.05 


33.12 
33.15 


LB: 


33.14 18.09+0.06 16.94+0.05 16.82 


32.69 
32.71 


32.70 15.50 17.20+0.04 17.79+0.03 17.78 








2Seaborg, James, and Morgan, National Nuclear Energy 
Series, Plutonium Project Record 14B, The Transuranium Ele- 
ments: Research Papers, paper No. 22.1 (McGraw-Hill Book Co., 
Inc., New York, 1949). 





X-RAY SPECTRUM PRODUCED BY 322-MEV ELECTRONS 


The resulting 62-kev transition is highly converted in 
the Z-shell, giving rise to the Z x-ray spectrum. The 
Am*! was prepared by neutron capture in plutonium 
resulting in the 8--emitter Pu™!, which decays to the 
desired product.” 


% Ghiorso, James, Morgan, and Seaborg, Phys. Rev. 78, 472 
). 
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The measurements of the x-rays were made in a 
manner similar to that already described for the curium 
sample. However, the americium source was some ten- 
fold weaker, so that not so many lines could be seen, 
and relative intensities could not be estimated. The 
data for the three most intense lines (La;, L8:, and LB:) 
are given in Table IV and energies compared with the 
estimated values as listed in Table I. 
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The X-Ray Spectrum Produced by 322-Mev Electrons Striking a Platinum Target* 


Witson M. Powett, WALTER HartsoucH, AND MILTON HILL 
Radiation Laboratory, Department of Physics, University of California, Berkeley, California 
(Received September 25, 1950) 


The differential energy spectrum of the photons produced by 322-Mev electrons striking a 20-mil platinum 
target was measured by observing the energy of 3467 pairs produced in a one-mil thick lead foil in a Wilson 
cloud chamber in a magnetic field of 10,000 gauss. The spectrum is found to agree with that predicted by 
the Bethe-Heitler bremsstrahlung theory using a Thomas-Fermi model with suitable corrections for the 
thickness of the target. The energy of the 322-Mev electrons was determined by the spectrum of the photons 


observed in this experiment. 


I. INTRODUCTION 


HE Berkeley synchrotron produces 322-Mev elec- 
trons as estimated from the results of this 
experiment. These electrons make x-rays by striking a 
20-mil thick platinum target inside the quartz vacuum 
chamber of the machine. The x-rays pass through 1.5 
to 2 cm of quartz before reaching the air where practi- 
cally all experiments are performed. This paper gives 
the energy distribution of the x-rays as obtained from 
the measurement of the energy of 3467 pairs produced 
in a 1-mil thick lead plate placed in the x-ray beam 
from the synchrotron. 


II. APPARATUS 


A 16-in. diameter Wilson cloud chamber with a 
magnetic field of 10,000 gauss was placed in the x-ray 
beam from the synchrotron, with its center 88.5 ft 
from the 20-mil thick platinum target of the synchro- 
tron. A six-in. thick lead collimator, 35 ft from the 
target, collimated the x-rays so that they formed a 
beam at the chamber approximately 6.5 in. wide and 
1 in. high. The beam entered the chamber through a 
5-mil aluminum window and passed through a vertical 
lead plate 1-mil thick across the center of the cloud 
chamber. Electron-positron pairs were produced in the 
lead and the gas (a mixture of half argon and half 
helium with water and ethyl alcohol for the vapor) of 
the chamber. Only those pairs produced in the lead 
plate were used in the data given below. 

The synchrotron gives a pulse of x-rays six times per 
sec which can be interrupted at suitable intervals by 


* This work was performed under the auspices of the AEC. 


changing the timing of the high voltage on the synchro- 
tron injector so that it fires too late to produce a beam. 
The procedure is to monitor the beam by means of a 
Zeus meter placed just out of the main beam. The beam 
is run steadily at some low value, interrupted for about 
a second before and after the pulse used by the cloud 
chamber. The timing sequence of the cloud chamber is 
synchronized with the x-ray signal in the following way. 
First the cloud chamber magnet is energized, reaching 
full field in 2.3 sec, at which time a ready signal is 
given so that the next pulse of the synchrotron magnet 
sends a signal to expand the chamber. The expansion 
is delayed so that the x-rays from the following pulse 
reach the chamber just after the expansion. The lights 
are flashed 0.035 to 0.045 sec after the arrival of the 
beam. Two General Electric FT-22 flash tubes charged 
to 1700 v with 250 uf of capacity each are used for 
illumination and the 127-mm focal length camera lenses 
were set at f:8 using Eastman Orthochromatic Lina- 
graph film. Because of the early timing of the lights, 
it was necessary to open the lenses so as to give about 
four times the light usually required. This early timing 
and control of the temperature of the chamber to 0.1°C 
resulted in turbulence free pictures where the spurious 
radius of curvature was greater than 50 m. 

T. C. Merkle, Jr., suggested that a mixture of argon 
and helium be used in the chamber for the following 
reasons. Argon gives a larger number of ion pairs per 
cm length of track than does helium but has the 
disadvantage of a low heat conductivity and, therefore, 
takes a long time to reach thermal equilibrium. By 
mixing in equal amounts of helium, which has a heat 
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conductivity some nine times greater than that of argon, 
the heat conductivity of the mixture is increased by a 
factor of 4 or more and the waiting period necessary to 
achieve thermal equilibrium in this large chamber is 
reduced to 45 sec. The tracks are much heavier than 
they would be with pure helium. 


Ill. EXPERIMENTAL RESULTS 


Table I contains the experimental data with column 2 
giving the number of pairs observed in the 10-Mev 
energy intervals indicated in column 1. Column 3 
contains numbers proportional to the pair production 
cross section in lead as calculated from Heitler.! Column 
4 is obtained by dividing column 2 by column 3 and is 
a set of numbers proportional to the number of photons 
in each interval. Column 5 is a set of numbers propor- 
tional to the average energy of each interval with unity 
corresponding to 322 Mev. The numbers in column 6, 
obtained by multiplying column 4 by column 5, are 
proportional to the number of photons per Mev multi- 
plied by the average energy of the photons, or they are 
proportional to the total energy carried by the photons 


TaBLe I. Experimental differential distribution. 
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?W. Heitler, Quantum Theory of Radiation (Oxford University 
Press, London, 1936), p. 201. 
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DIFFERENTIAL ENERGY SPECTRUM OF THE PHOTONS 


Fic. 1. The differential energy spectrum of the photons from 
a 40-mil platinum target bombarded by 322-Mev electrons. 
The solid curve is the energy spectrum predicted by theory. 


in each energy interval. This will be called the differ- 
ential energy spectrum of the photons. The numbers in 
column 6 were added in pairs so as to give a single 
number for each 20-Mev interval, and these are shown 
by the points in Fig. 1. The last energy interval goes 
from 300 to 335 Mev and was weighted properly by 
multiplying by 20 and dividing by 35. The errors shown 
are statistical errors obtained by dividing the values 
given by the square root of the number of pairs shown 
in column 2 of Table I but taken in 20-Mev intervals. 
No estimate of possible systematic errors is included 
with these errors. 


IV. THEORY 


The 20-mil platinum target is bombarded by elec- 
trons, and the energy distribution of the x-rays pro- 
duced is a function of this thickness. The spectrum for 
an infinitely thin target was calculated by R. Christian 
following the Bethe-Heitler?* bremsstrahlung theory 
using a Thomas-Fermi model for the atom. The theo- 
retical differential energy spectrum for an infinitely 
thin target produced by electrons of 322-Mev energy is 
given in column 2 of Table II. This spectrum is modified 
by the thickness of the target as the result of the 
following process. First the original electrons lose energy 
by radiation so that their original energy is lowered and 
the x-rays produced by them farther along in the target 
will show a lower average energy. This lowering in 
energy would be more marked were it not for another 
effect which reduces this considerably. The electrons 
which have been multiply scattered are no longer 
pointing in their original direction. Using the multiple 
scattering formulas of E. J. Williams it can be shown 
that after traversing about the first 4 mils of the target 
the electrons are sufficiently out of line so as to make 
most of the photons produced by them miss the cloud 
chamber altogether. This effect was first pointed out by 


+H. A. Bethe and W. Heitler, Proc. Roy. Soc. 159, 432 ae 
*B. Rossi and K. Greisen, Rev. Mod. Phys. 13, 253 (1941) 
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McMillan‘ and its result is to give a spectrum more 
like that for an infinitely thin target. The spectrum 
comes almost entirely from the first fifth or quarter of 
the target and, therefore, these quanta will be absorbed 
in passing through the remaining three quarters of the 
target. Only about 10 percent of the quanta are ab- 
sorbed in the target, and the absorption coefficient 
changes by only 12 percent from 40 Mev on up. The 
correction is practically a constant one and reduces 
the intensity almost uniformly by 10 percent. The 
spectrum resulting after all these corrections is given in 
column 3 of Table IT. 

In order to compare this with the experimental 
results, it is necessary to assume a pair production cross 
section for the x-rays in the lead plate and to make any 
necessary correctidhs for the passage of the x-rays 
through the quartz wall of the vacuum chamber and 
the 88.5 ft of air between it and the cloud chamber. 
The pair production cross section for x-rays in lead was 
taken from the curve for lead given by Heitler' and is 
given relative to the cross section at 190 Mev in column 
3 of Table I. The pair production cross section for lead 
was measured by Lawson‘ for 88-Mev x-rays and was 
found to be 31.3 barns instead of the theoretical value 
of 34.9 barns, or lower by eleven percent than the 
simple theory at 88 Mev. Adams* measured an absorp- 
tion coefficient for lead at 19.1 Mev which was 9.6 
percent lower than experiment and Walker’ finds it 
9.8 percent lower at 17.6 Mev. Both of these experi- 
ments indicate that the cross section for pair production 
is lower for lead but lower by nearly the same amount 
from 17 up to 88 Mev. This difference can become 
appreciable here only if the ratio of the cross sections 
changes with energy, and since there is no evidence 
that this occurs no correction has been made. 

The one-mil thick lead plate is sufficiently thin so 
that the probability that a particle produced in the 
lead will radiate before leaving the lead is very small. 
Only 0.2 percent of the particles will radiate more than 
40 percent of their energy. The absorption of the x-rays 
by the quartz and the air amounts to 13 percent of the 
incoming x-rays and is practically uniform over the 
entire spectrum. The total cross section for 88-Mev 
x-rays for aluminum as measured by Lawson! is 1.128 
barns and the theoretical cross section is 1.103 barns. 
This is a good indication that the theory gives the 
correct result for light elements and that no large error 
would result from calculating the absorption of the 
quartz and the air between the target and the chamber 
from theory, especially since the maximum percent 
absorption in the neighborhood of 300 Mev amounts 
to only 15 percent. In the quartz and the air between 
the target and the lead plate in the cloud chamber 
there are 2.7 g/cm? of oxygen, 1.7 g/cm? of silicon, and 


‘E. M. McMillan, private communication. 
5 J. L. Lawson, Phys. Rev. 75, 440 (1949). 
*G. D. Adams, Phys. Rev. 74, 1707 (1948). 
™R. L. Walker, Phys. Rev. 76, 527 (1949). 
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2.5 g/cm? of nitrogen. The effect of the argon in the air 
and the chamber plus the 5-mil‘aluminum window on 
the chamber is neglected. Using the cross sections given 
by Heitler' for the nuclear pair production plus the 
cross section for the pair production due to the elec- 
trons, plus the Compton scattering cross section, the 
percentage of the x-rays transmitted is found to be 87 
percent from 30 to 204 Mev, 88 percent at 15 Mev, and 
86 percent at 300 Mev. This has no observable effect 
on the energy distribution of the x-rays. 

In order to be sure that higher energy x-rays absorbed 
in the quartz and air were not producing secondary 
quanta which would distort the spectrum at lower 
energies, the electrons entering the chamber with the 
x-ray beam were counted for a few pictures taken 
without magnetic field. The secondary quanta in the 
beam should be comparable in number with the second- 
ary electrons accompanying the beam. There were 16 
electrons accompanying the beam for every pair pro- 
duced in the lead plates. Since about 4000 photons are 
necessary to produce one pair, the secondary quanta 
form a negligible fraction of the x-ray beam. 

The theoretical differential energy spectrum given in 
column 3 of Table II for a 20-mil thick platinum target 
drops to zero at energies above that of the electrons in 
the synchrotron. If there is an error in measurement of 
the energy of the pairs, this will change the shape of the 
theoretical curve making it less steep and extending it 
above this energy. The random experimental errors 
were estimated to give a probable error of 2.5 percent. 
Actually the errors arise from the fact that the tem- 
plates used to match curvatures® are about four percent 
apart in radius, and the error due to multiple scattering 


Taste II. Calculated differential energy spectrum. 





Differential energy 
Differential energy Differential energy distribution for a 
distribution for distribution for 20-mil target with 
an infinitely a 20-mil thick 2.5 cent 
thin Pt target Pt target probable error 


18.6 17.5 
17.0 15.7 
15.6 14.3 
14.5 13.1 
13.8 





17.5 


ene 


— eee 
CS SCONSENH RNNBHG 
see RAwWR we 
SS PL PVne 
SS Cn w 








8 Brueckner, Hartsough, Hayward, and Powell, Phys. Rev. 75, 
555 (1949). 
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of the particles in the gas amounts to about one percent. 
Although the errors arising from the templates are not 
Gaussian but cut off more rapidly, they were assumed 
to be Gaussian. The theoretical differential energy 
spectrum, modified to correspond to one observed with 
a probable error of 2.5 percent, is given in column 5 of 
Table II. 

The average angle between the direction of the 


incoming photon and the pair fragments is of the order 
of the energy of the photon divided by the energy of 
the electron; since this is very small above energies of 
20 Mev, the pair fragments lie very nearly in the same 
plane which is very nearly perpendicular to the direction 
of the magnetic field. As a consequence, no correction 
for large angles is necessary above 20 Mev such as was 
necessary in the energy spectrum obtained by Koch 

















and Carter’ from 19.5-Mev electrons. The first point 
on the energy spectrum curve disagrees markedly with 
theory both because no correction was made for these 
angles and because electrons with energies less ‘than 
1 Mev were easily missed because of their very great 
curvature. Figure 2 shows a typical cloud chamber 
photograph with seven pairs coming out of the lead 
and one pair produced in the gas just above the lead. 
The low energy pair to the left above the plate illus- 
trates how the electrons and positrons stay in nearly 
the same plane for many revolutions. The illuminated 
region is only 1.5 in. high. 

The normalization of the experimental data involves 
fitting the data by means of two points and a slope. 
This is necessary first because absolute intensities are 
not known, and second because the exact energy of the 
accelerated electrons is unknown. This experiment can 
be used to determine the energy of the original electrons 
if the theory of pair production and x-ray production 
is assumed to be correct. The first estimate of 335 Mev 
for the energy of the synchrotron electrons was made 
from measurements of the magnetic induction around 
the orbit of the electrons in the synchrotron. Actually 
the field at a radius of one meter was found to vary by 
2.6 percent. The absolute measurement of the field was 
made with a search coil having an error in effective 
area of one percent and a voltmeter having an error of 
1.5 percent. The voltage on the condensers which 
discharge into the synchrotron magnet is measured on 
another voltmeter which was not recalibrated at the 
time of this experiment and might be in error by two 
percent. The position of the target is accurately known, 
but the position of the center of curvature of the beam 
of electrons has never been determined and might be 
one or two cm away from the center of the machine. 
This would make a one or two percent error in the 
energy. Also the synchrotron magnet has been disas- 
sembled twice since the measurement of the magnetic 
field. The total air gap in the magnet is 2.5 in. and on 
replacing the top of the magnet this may be changed 
by as much as 20 mils, 10 mils in the large air gap and 
10 mils in changes in the thickness of the Bakelite 
sheets which insulate the 70-ton top of the magnet from 
the rest of the magnet. This change might be irregular 
in azimuth and cause shifting in the center of curvature 
as well as changes in the average value of the field. 
Errors of as much as four percent can easily be ac- 
counted for by a combination of all of these factors. 

The cloud-chamber magnetic field was measured by 
means of a search coil with effective area accurate to 
one percent and fluxmeter consisting of an integrator 
operating into a cathode-ray oscilloscope. Most of the 
signal from the search coil was bucked out by a second- 
ary flux standard accurate to one percent, and the 
fluxmeter could be read to a tenth of a percent. Each 
time a picture was taken, the current going to the 


°H. W. Koch and R. E. Carter, Phys. Rev. 77, 165 (1950). 
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Fic. 3. The integral curve of the photon energy spectrum 
showing how the normalization was made which determined the 
energy of the electrons in the synchrotron. 


cloud-chamber magnet was read from the ammeter 
used in making the field calibration, The error in 
magnification of the pictures on reprojection is less than 
half a percent. The conclusion is that a systematic 
error in the measurement of the energy of the particles 
in the chamber could not exceed two percent unless a 
systematic error were made in comparing the curves on 
the templates with the tracks. Since the tracks, with a 
few exceptions, were measured twice by independent 
observers, a systematic error of a size sufficient to raise 
this error seems unlikely. 

The conclusion is that the electron energy of 322 Mev 
as determined by the measurements made in the cloud 
chamber is probably accurate to two percent and is a 
better value than the 335 Mev estimated from magnetic 
measurements on the synchrotron. 


V. THE ENERGY OF THE ELECTRONS IN 
THE SYNCHROTRON 


In order to be able to compare theory with experi- 
ment it is necessary first to determine the energy of the 
electrons in the synchrotron. As was shown above, the 
cloud-chamber measurement of the pair spectrum gives 
a better estimate of this than does the magnetic field 
measurements made on the synchrotron, if a satis- 
factory way can be devised for treating the pair spec- 
trum to obtain the energy of the electrons. This com- 
parison was made in the following way. First the 
theoretical differential energy spectrum adjusted to 
account for a 2.5 percent random probable error in the 
measurement of the energy given in column 4 of Table 
II was divided by the average energy of each set of 
pairs to give a set of numbers proportional to the actual 
number of photons. These values were integrated with 
respect to energy from infinity down and a plot of 
these values down as far as 0.9 of the full energy of the 
electrons is shown as the circles in Fig. 3. A similar 
integral curve was made from the pair data, and on 
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Tase III. The relative energy distribution of the positron for 
pairs of total energy lying between 100 and 300 Mev. 
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Number 
of pairs 











comparing the two as shown by the 2’s in Fig. 3 the 
agreement was excellent if the energy of the electrons 
was assumed to be 322 Mev. Both the experimental 
and theoretical numbers were integrated down to 60 
Mev and normalized as to magnitude at this point. 
The agreement achieved by these two adjustments is 
that shown in Fig. 3, and the shape of the foot of the 
integral curve indicates that the estimate of random 
errors agrees with the facts. 

E. M. McMillan estimated the energy of the electrons 
by using the ratio of the number of pairs above 290 Mev 
to the number between 200 and 290 Mev and comparing 
this ratio to that obtained for the theoretical curve for 
various assumptions about the energy of the electrons. 
This comparison should be independent of the errors in 
measurement if they are random. The result of this 
calculation gave an energy of 320 Mev with a statistical 
error of +2 Mev. The two methods of determining the 
energy of the electrons from the data agree well within 
the experimental errors. 

The differential energy distribution of the photons is 
plotted in 20-Mev groups in Fig. 1. The solid curve is 
the theoretical curve (column 4 in Table II) modified 
by the 2.5 percent probable error in the experimental 
determination of the energies of the pairs. The departure 
of experiment from theory at the lowest point repre- 
senting photons with energies up to 20 Mev arises from 
the fact that the curvature of the tracks was too great 
to be measurable in many instances for this group. 
Pairs with energies less than 5 Mev were not measured 
and were not included in this data. The experimental 
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errors shown in Fig. 2 are statistical errors and it is 
evident that the experiment shows no appreciable 
deviation from the theory. 


VI. THE FRACTION OF THE PHOTON ENERGY 
POSSESSED BY THE POSITRON 

If we let W be the energy of the photon and U that 
of the positron belonging to a pair then F= U/W is the 
fraction of the energy of the photon possessed by the 
positron. A group of 1060 pairs between 100 and 300 
Mev was divided into ten groups according to the value 
of F and the results are shown in Table III and com- 
pared with the theoretical values given by Rossi and 
Greisen,’ page 261. The theory and experiment agree 
well within the limits of error. In the zero to 10 percent 
group and the 90 to 100 percent group the number of 
pairs is low, and if no allowance is made for statistical 
errors, it would appear that 1.6 percent of the pairs 
were missing in both groups. It has not been possible 
for us to give any explanation for this low value other 
than the fact that the number of observations is 
insufficient to exclude the statistical error. 

The number of Compton electrons is negligible in 
this range of energies. This was borne out by the 
experimental fact that there were 12 positrons and 10 
electrons appearing singly. There should have been 
about 4 additional electrons over and above positrons 
from the Compton effect. The numbers observed are 
not inconsistent with this. 


VII. CONCLUSIONS 


The differential energy distribution of the photons 
produced by 322-Mev electrons is that which is pre- 
dicted by the Bethe-Heitler bremsstrahlung theory 
using the Thomas-Fermi model for the atom. The 
fraction of the energy carried by the positron in a 
group of 1060 pairs agrees with the theoretical pre- 
dictions. 

The energy of the electrons produced by the Berkeley 
synchrotron for this experiment was 3226 Mev. 

Many of the energy measurements were made by 
M. Lemmon and Dr. E. Hayward who also helped in 
the reduction of the results. The cooperation of Mr. 
Walter Gibbins and numerous others in the operation 
of the synchrotron and in making the careful adjust- 
ments necessary for good cloud-chamber pictures was 
indispensable in the success of the experiment. 
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The Angular Distribution of the Neutrons Produced in the Photo-Disintegration 
of the Deuteron by the 2.51-Mev Gamma-Rays of Ga’”* 


G. R. Bisnop, H. Harsan, P. F. D. SHaw, anp RicHarp Wison* 
Clarendon Laboratory, Oxford, England 
(Received August 23, 1950)f 


The angular distribution of the neutrons resulting from the photo-disintegration of the deuteron by the 
2.51-Mev gamma-rays of Ga™ has been studied. The ratio of the magnetic to the electric cross section has 
been determined to be 0.61-+0.04. A discussion is given of the present status of the problem. 





I. PROCEDURE 


E have determined the angular distribution of 

the neutrons produced in the photo-disintegra- 

tion of deuterons by the 2.51-Mev y-rays of Ga”. 
Figure 1 shows the experimental arrangement. A thin- 
walled (0.2 mm) copper ring R of square cross section 
(6 mm X6 mm) contained heavy water. It was fixed 
perpendicular to the plane of an aluminum ring, Al by 
Nylon threads. Spheres of metallic gallium alloyed with 
10 percent Ni (diameter 16 mm) could be placed in 
positions A, A’, and B. The photo-neutrons liberated in 


i hae 


DETECTOR JI ATISCM 

















e 





the heavy water ring were detected by measuring the 
radioactivity of iodine I'* (25-min half-life) produced 
in two glass cylinders J; and J2, each of which contained 
a solution of 5 mg of iodine in 2.5 liters of ethyl iodide, 
and was covered by cadmium foil. The free radioactive 
iodine and carrier in J; and Jz were extracted with 
sodium sulphite solution by a method described else- 
where.! Owing to the bulk of the ethyl iodide, it was 
found necessary to shake the contents of each container 
consecutively with the same extracting agent, in order 
to eliminate errors arising from incomplete mixing of 
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Fic. 1. Experimental arrangement. 


* Now at the University of Rochester, pects New York, 
t Revised version received September 29, 1 
1p. F. D. Shaw and C. H. Collie, J. Chem: ins © 564, 1217 (1949). 
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the two liquids. The radio-iodine and carrier were 
precipitated as silver iodide; and this was placed, in a 
brass slide, between two “end-on” Geiger-Miiller 
counters (G.E.C. Type G.M. 4) which were 6 mm apart 
in a lead castle. The activity was counted for 30 to 45 
min. 

An average angle of 45° was obtained between the 
primary rays and the photo-neutrons detected in J; and 
Je, by placing the two gallium spheres in positions A 
and A’. For an average angle of 90°, only one source 
was placed in the position B (consecutive measurements 
were made on each of the sources used in the 45° 
position). 

The gallium spheres were irradiated in the pile at 
A.E.R.E. Harwell to a total activity of about three 
Curies in a neutron flux of 10 neutrons/cm?/sec. Two 
separate runs were carried out. Each consisted of six 
measurements in the 45° position, and three for each 
of the two sources in the 90° position. Each irradiation 
was made for one hour. In order to evaluate a correction 
for the scattering of photo-neutrons inside the heavy 
water ring, a similar series of measurements was made 
with a ring of the same mean diameter (9 cm) but with 
cross section 12 mm X12 mm. Comparison of the meas- 
urements for each ring allows an extrapolation for the 
ratio of intensities I45°/Igo° to zero thickness of heavy 
water. 

Scattering of photo-neutrons by the surrounding 
material was reduced to a minimum by carrying out the 
irradiations on an aluminum structure rising 5 meters 
above the flat roof (10 mX23 m) of a tower of the 
laboratory (17 m from ground level). Measurements 
were made to estimate the number of neutrons scat- 
tered from the roof into the detectors, by supporting 
a neutron source and the detectors at heights of 1.4, 3, 
and 5 m, from the roof. The results showed that the 
correction for scattering was zero within the experi- 
mental error (<1 percent) of the measurements. 


II. RESULTS AND CORRECTIONS 


The theoretical distribution of the photo-neutrons is 
given by the relation 


no=at+b sin’, a/b=20m/3c-, (1) 


where 7¢ is the number of photo-neutrons ejected into 
unit solid angle at an angle @ from the direction of the 
incident y-rays, om is the photo-magnetic cross section, 
and @, is the photoelectric cross section. 

Before the observed intensities, I45°/Igo° are con- 
verted to the ratio a/b, via the relation 


T45°/Too°= (a+-45)/(a+5), (2) 


a number of corrections must be made. These are as 
follows. 

(1) The change of solid angle presented by the heavy 
water ring to the sources in the 45° and 90° positions. 
A correction to the inverse square law is made for the 
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finite sizes of ring and sources using a formula derived 
by integration over the volumes. 


Mean (1/r?) = (1/r*)[1+ (a2/Sr*) — (x2/3r*) J, 


where a is the radius of the source and 2x is the thick- 
ness of the ring, 

(2) The spread in angle 0 about the mean angles defined 
by the relative positions of ring, sources, and detectors, 
owing to their finite sizes. This correction differs for the 
45° and 90° positions. 

45° position: For the symmetrical arrangement of 
sources and detector, the mean angles for each source 
are 45°+-a and 135°—a, (Fig. 1) and the sines become 
sin(45°-+-a). Since the distribution of Eq. (1) is sym- 
metrical about 45°, the average intensity I45° is inde- 
pendent of the angle a, and of the angular spread, 
because the corrections are equal and of opposite sign 
and cancel out. Then 


Tes = (a+ 3b). 


90° position: The finite sizes of sources, rings, and 
detectors introduce a spread in angle about the mean 
angle 0, where @ is given by 


20= 6:+62, 


and the average intensity J¢ is 


62 62 
I= (a+6 sin’6) sinédé / f sin6dé@ 
Fy 


A 


= a+b—4b(cos?6;-+cos; cos#2+cos76.). 


The spread for each cause was evaluated separately, 
those for source and ring by calculating the amounts of 
Ga™ and heavy water enclosed between $° angular 
intervals about the line joining the center of the source 
and mean circumference of the toroid; that for the 
detector by measuring the detection sensitivity as a 
function of the distance from the center of its face, with 
a neutron howitzer. The howitzer consisted of a gallium 
source enclosed in a 0.5-cm layer of heavy water which 
was attached to the bottom of a 35-cm iong copper tube 


Taste I. Measured intensity ratios. 








Iu°/Iw° cor- 
rected for 
spread at 90° 


Counts/min, Tu°/Im° cor- 
corrected for rected for 
Measurement all decays solid angle 


S.R.* 45° 27,360-+180 
I 0.746-+0.005 
73,480-+350 





0.739+0.006 
S.R. 90° 


S.R. 

S.R. 90° 
B.R.® 45° 
B.R. 90° 


23,620-+260 
63,320-+400 
85,200-+-450 


0.748+0.007 0.740-+0.007 


0.817+0.004 0.809+0.005 


104,630-+4550 








* S.R. =small ring. 
> B.R. =big ring. 
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of 2-cm diameter. The tube dipped into a large tank 
of water, so that in all directions but the axis of the 
tube the neutrons were slowed down and absorbed. The 
ethyl iodide containers, covered in cadmium, were 
placed over this 2-cm opening and irradiated for an 
hour in each position. The three distributions were then 
combined, giving a curve of angular spread against the 
relative weight of over-all neutron efficiency. The curve 
derived in this manner corresponds to a single source 
in the 90°+a@ position and one detector only; for both 
detectors two such distributions are added with their 
peaks symmetrically placed at angle a on either side 
of the average of 90°. The final distribution is used to 
supply the correction factor 8 in the expression 


Ty9°= (a+ 8b) 
by evaluation of the formula, 
Ty°= a+b—4b{ Zw,[cos*(y—4) 
+cos(y—4) cos(y+$)+cos*(y+$) //Zw,} 
=a+b—4b[1+c0s1°(2w, cos2y/Zwy) 
+4 cos1°+42w, cos2y/Zwy, |, 


where w, is the weight of an angular spread of +}° 
about the angle y. The corrections are: 


Large toroid $=0.9744; 
Small toroid B=0.9813. 


(3) Scattering of neutrons by heavy water. The uncor- 
rected measurements overstimate the contribution of 
om. After the measured intensities at 90° had been 
corrected as described above, a linear extrapolation was 
made from the ratios I45°/Igo° for each ring, to zero 
thickness of heavy water. The correction amounts to 
10 percent, in agreement with calculations on the scat- 
tering of neutrons by D,O. This is in contradiction with 
the results of Genevese,? who found no variation in J99° 
for ring thicknesses below 10 mm. It is possible that, at 
90°, scattering of neutrons into his detector exactly 
counterbalances scattering of neutrons out of the beam. 
If this is so, a large variation in J45° would be expected. 
Our extrapolation of J45°/I9o° avoids this error. Meiners* 
used spheres of 15- and 10-mm diameter and also 
extrapolated linearly which may be in error for such 
large spheres. 

(4) Correction for y-ray momentum. The value for 
I4s°/Igo° in the laboratory system will not be the same 
as the value in the center-of-mass system. 

An exact calculation can be made for ¢»/o, from the 
expression‘ obtained from geometrical considerations. 


Om 1.5R(1—7a?/4)—0.75(1+2a?) (3) 
: 1—R(1—3a*) 


2 F. Genevese, Phys. Rev. 76, 1288 (1949). 

3E. P. Meiners, Phys. Rev. 76, 259 (1949). 

‘1. F. E. Hansson and L. Hulthén, Phys. Rev. 76, 1163 (1949), 
and private communication. 
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Fic. 2. The dependence of ¢»/o, on gamma-ray energy. 


where R= (I45°+J:35°)/2Z 90°, which is the measured 
ratio of intensities. 


a=i/v, 


where @ is the velocity of the mass center in the labora- 
tory system, and » is the velocity of the neutron or 
proton relative to the mass center. For 2.51 Mev, 
a=0.0774. Table I gives the measured values. Finally 
Gm/o- can be calculated from Eq. (3). The linearly 
extrapolated value of I45°/Io* to zero D,O thickness 
is 0.654+-0.015+0.011. This gives by substitution in 
Eq. (3) the value 


On/oe=0.6140.04. 


In Fig. 2 is shown the ratio ¢»,/¢, plotted against the 
excess energy of the y-ray producing photo-disintegra- 
tion over the binding energy of the deuteron. The ex- 
perimental point at 2.62 Mev (RdTh y-rays) is the 
result of Graham and Halban,® that at 2.758 Mev 
(Na™ y-rays) being a weighted average from several 
authors. * *-* The top curve in Fig. 2 was obtained by 
using the calculations of Bethe and Longmire,’ but 
adjusting for the new values of the effective range in 
the triplet state, (1.71 10-" cm), the binding energy 
(2.231 Mev), and the y-ray energies (2.758, 2.618, 2.504 
Mev). The other curve is from the calculations of 
Hansson and Hulthén.‘ 

The present value of o,,/¢, falls very close to the 
Hansson and Hulthén curve, but is not in contradiction 


os ¢ a - Graham and H. Halban, Revs. Modern Phys. 17, 
1945). 
*N. O. Lassen, Phys. Rev. 74, 1533 (1948) : 75, 1099 (1949). 


7™W. M. Woodward and I. Halpern, Phys. Rev. 76, 107 (1949). 
* B. Hamermesh and A. Wattenberg, Phys. Rev. 76, 1408 (1949). 
°H. A. Bethe and C. Longmire, Phys. Rev. 77, 647 (1950). 
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with that of Bethe and Longmire. The latter agrees 
better with the weighted average of the measurements 
at 2.76 Mev, which has a higher accuracy. The results 
of Halpern and Woodward’ are difficult to fit to either 
curve. It is evident that one should try to obtain at 
energies of 2.504 and 2.618 Mev results with the same 
precision as that already obtained for 2.76 Mev. It is 
unlikely that the final curve of the ratio o,,/o, against 
energy will lie significantly above the Bethe-Longmire 
curve. Although the experimental ratio on/o, is not in 
contradiction with the Bethe-Longmire theory, it 
should be noted that the experimental total cross 
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lies well above the theoretical 


section” ¢,=¢m+0, 
values. 
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arranging the special irradiations; to Mr. V. Round for 
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assembly; to the Iodine Educational Bureau for the 
gift of some ethyl iodide; and to Lord Cherwell for 
extending to us the facilities of his laboratory. We are 
very grateful to Professor L. Hulthén for his guidance 
on several occasions. 
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Fine Structure of the Hydrogen Atom.* Part II 


Wiis E. Lams, Jr., AND Ropert C. RETHERFORDT 
Columbia Radiation Laboratory, Columbia University, New York, New York 
(Received September 29, 1950) 


In the first paper of this series, the shift of the 22S; level of hydrogen was determined to be 1000 Mc/sec. 
A new apparatus differing from the original one in details, but not in principle, has been built in order to 
improve the accuracy of the above result. This provides a greater yield of metastable hydrogen atoms, a 
more homogeneous magnetic field, and more accurate means of measurement of magnetic field and fre- 
“quency. With these improvements, preliminary measurements of considerably increased accuracy have 
been made on both hydrogen and deuterium. The transitions observed were 2°S;, m=4, to 2°S;, m= —4, 
as well as to 2?Py, m=} and m= —}4. The first transition permits observation of the hyperfine structure of 
2*S;, as well as an accurate calibration of magnetic field. Hyperfine structure was also resolved for the last 
transition in hydrogen. There was no observable difference between the level shifts for hydrogen and 
deuterium which may be taken as 106225 Mc/sec. Later papers of this series will deal with the numerous 
experimental and theoretical corrections necessary to obtain a level shift accurate to 1 Mc/sec. 


F. NEW APPARATUS 
32. Introduction 


HE apparatus described® in Part I was improvised 
during the exploratory work necessary to estab- 
lish the formation and detection of metastable hydrogen 
atoms. It was geometrically inconvenient and not well 
suited for precise measurements. In addition, the mag- 
netic field was found to be excessively inhomogeneous, 
the magnet too small, and the pumping speed inade- 
quate, and no cold traps were provided. 

A second apparatus has been built with extensive 
improvements in the above respects, and in the 
auxiliary equipment relating to magnetic field, radio- 
frequency, and power, etc. With this, it has been pos- 
sible to obtain results having an internal consistency 
close to 1 Mc/sec. In order to determine the relative 


* Work supported jointly by the Signal Corps and ONR. 

t Present address: Department of Electrical Engineering, Uni- 
versity of Wisconsin, Madison, Wisconsin. 

5° Part I of this series appeared in Phys. Rev. 79, 549 (1950). 
Frequent references to this paper are made. Sections, figures, 
equations, and footnotes of Part II are numbered consecutively 
after those of Part I. The designation of states by letters a, 8, 
a, b, ¢, d, e, f is explained in Fig. 14. 


positions of the 22S;, 2?P;, and2 *P, levels, however, it is 
necessary to apply many experimental and theoretical 
corrections to the raw data. Fortunately, it is possible 
to establish empirically that these corrections can lead 
to a change of only a few megacycles per second in the 
results. In this paper, accordingly, we will give an 
account of the work up to about a year ago, when it 
was possible to quote a result® with a limit of error of 
+5 Mc/sec. It is planned to devote Part III of this 
series to a discussion of the corrections and Part IV to 
a determination of the precise level shifts from the data. 


33. General Features 


A cross section of the apparatus in a horizontal plane 
is shown in Fig. 27 and has the same general features 
as those shown in Fig. 19 of Part I. Source of atomic 
hydrogen a, electron bombarder c, d, e and detector 7, k 
are now in separately pumped chambers. The source 
chamber is pumped by the main pump (DPI-MC 275) 
and the other chambers by differential pumps (DPI-GF 
20W) emptying into the source chamber. There is a 


* R. C. Retherford and W. E. Lamb, Jr., Phys. Rev. 75, 1325 
(1949) 
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Fic, 27. Cross section of second apparatus: (a) tungsten oven of hydrogen dissociator, (6) movable slits, (¢) electron bombarder 


cathode, (d) grid, (e) anode, (f) transmission line, (g) slots for passage of metastable atoms through interaction space, (4) plate attached 
to center conductor of r-f transmission line, (i) de quenching electrode, (,)) target for metastable atoms, (%) collector for electrons 


liquid nitrogen trap and baffle between each pump and 
chamber. The source and electron bombarder chambers 
are separated by slits 5, and the electron bombarder 
and detector chambers by slots g in the rf line. The 
pumps are backed by a booster pump (DPI-MB 100) 
and by a Kinney (CVD 556) mechanical pump. Ioniza- 
tion gauges are mounted on the source and detector 
chambers; and, in addition, a Knudsen gauge (DPI-BL 
. 1) is mounted on the source chamber. During operation 
the detector chamber pressure is monitored by the 
ionization gauge and the source chamber pressure by 
the Knudsen gauge. The latter pressure gives an indi- 
cation of the hydrogen flow. 

The electron bombarder and detector chamber and 
rf line are situated in a rectangular parallelopiped 
which fits into the magnet gap. The GF-20W pump 
leads come in at the bottom of this body. 

Gas is admitted to the system directly from a hydro- 
gen or deuterium tank through a reducing valve, a hot 
palladium tube, and a variable leak of the type de- 
scribed by Nier, Ney, and Inghram.™ 

The bellows allow the position of the source @ to be 
adjusted for optimum signal strength and the separating 
slit 6 is adjustable in width and position. The rf line 
can be rotated to select the best angle of the slits. 


34. Hydrogen Dissociator 


Hydrogen atoms are produced by thermal dissoci- 
ation as in Part I, and the dissociator (Fig. 28) is very 
similar to that shown in Fig. 20, Certain modifications 
have been made to obtain greater life. A separate lead 
for hydrogen reduces the chance of leaks at brazed 
joints in contact with cooling water. A heavy piece of 
copper was interposed between the molybdenum end 
and the stainless steel tube, and the size of the molyb- 


* Nier, Ney, and Inghram, Rev. Sci. Instr. 18, 191 (1947). 


ejected from target, (J) pole face of magnet, (m) window for observation of tungsten oven temperature. 









denum was increased to j-in diameter stock to improve 
cooling. 

The tungsten tube is now made from a solid rod by 
grinding off half of an 0.063-in. diameter rod, grinding 
a 1/64X1/64-in. groove down its iength, and then 
putting two of these pieces together. A small slit is 
ground on one side of each piece in the cleavage plane 
to serve as an exit for the atoms as illustrated in the 
detail of Fig. 28. This tungsten tube is very much more 
rugged than the previous type, and usually lasts for 
several months of laboratory usage at a temperature of 
2500°-2600°K. When properly constructed, the two 
halves of the tungsten tube weld together after a short 
time and form a true tube. Typical operating condi- 
tions are 2.31 v, 188 am, 2520°K. The power is sup- 
plied from a large transformer and a Sorensen voltage 
regulator. 


35. Electron Bombarder 


At the time this apparatus was designed, it was hoped 
that most of the electron bombarder troubles previously 
encountered, especially with the oxide-coated cathode, 
would be cured by the greatly increased pumping 
speed. Although there was some improvement, the dif- 
ficulty with emission poisoning persisted, and the life 
of a cathode was only a few days with uninterrupted 
operation of all pumps. This situation was vastly 
improved by redesigning the electron bombarder with 
a tungsten wire cathode. No more trouble was en- 
countered with emission poisoning. Despite the great 
reduction in emitting area, the observed signal was 
much more stable and ample for our purposes, except 
under conditions to be described in Sec. 43. 

A cross section of the present electron bombarder in 
a horizontal plane through the filament is shown in 
Fig. 27 (d, e, and c) and an enlarged cross section in a 
vertical plane parallel to the magnetic field lines is 
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Fic. 28. Detail of end of hydrogen dissociator. 


shown in Fig. 29. The filament is 0.010-in. diameter 
tungsten wire mounted in such a way that it is under 
tension at all operating temperatures. The grid wires are 
0.004-in. diameter tungsten, 67 per inch, ar/ are held 
at one end only to prevent buckling. The taut filament 
and nonbuckling grid wires permit very stable operation 
of the electron bombarder although the grid-filament 
spacing is 0.010-in. or less. This small spacing permits 
the control of the anode current by varying the filament 
temperature without encountering space charge limita- 
tion. The anode has the shape of a U and is designed to 
reduce depression of the potential in the region occupied 
by electrons. It is made of molybdenum sheet and has 
a width of about } in., a depth of 3% in. and a height 
of 0.050 in i.d. 

On account of the magnetic field, the thickness of the 
electron beam is effectively the filament diameter, or 
only slightly larger. The width of the electron beam is 
equal to the emitting length of the filament or about a 
centimeter. A very adequate and helpful theory for the 
behavior of a thin electron beam in a metallic enclosure 
of this sort has been given by Haeff.” Heaters (not 
shown in the figures) are installed on the top and bottom 
of the anode for cleaning it while in the apparatus. 

The grid is operated at ground potential, the fila- 
ment at —10.8 v (7 dry cells) to center tap, while the 
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Fic. 29. Cross section of electron bombarder in plane at right 
angles to beam of hydrogen atoms, The U-shaped anode greatly 
reduces space charge in the electron beam. 


® A. V. Haeff, Proc. Inst. Elec. Engrs. 27, 586 (1939). 


anode is connected to the grid through a microammeter. 
The filament is operated on 60-cy ac with a filament 
voltage drop of about 1.7 v rms at ordinary operating 
conditions. A Sorensen voltage regulator supplies the 
power. 


36. rf and dc Quenching Region 


A coaxial transmission line is chosen as the most ver- 
satile type of region for interaction of the metastable 
atoms with the rf field. The uncertainty principle 
broadening of the resonances is made negligible by 
increasing the time spent by metastable atoms in the 
rf field. The line is enlarged in the interaction space, 
and a piece of molybdenum sheet is welded to the center 
conductor to make the reciprocal time of transit less 
than 10° sec. Transitions induced by a perpendicular 
component of rf electric field are thereby reduced in 
intensity, but can still be studied, although less favor- 
ably, as there are appreciable fringing field components 
in the required direction. The stream of atoms passes 
through slits, g, between inner and outer conductors. 
The transmission line enters at the top of the apparatus 
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Fic. 30. Block diagram for magnet current stabilizing circuit. 


and terminates at the bottom in an unmatched crystal 
load whose current is used to monitor the rf power. 
Although this arrangement has great versatility, it has 
the disadvantage of making it difficult to estimate the 
rf fields and requiring excessive rf power because of 
mismatch at the interaction space and at the crystal. 

An auxiliary electrode, i, is placed in the interaction 
region to permit quenching of the metastable atoms by 
electrostatic fields without breaking the rf circuit. A 
dc voltage is applied between this electrode and the 
outer conductor. A potential difference of 125 v suf- 
fices to quench essentially all of the metastable atoms 
at the magnetic fields used here. The corresponding 
change in electrometer current can be used to monitor 
the total signal due to metastable atoms. 


37. Detector 


The detector consisting of tungsten target 7 and 
collector k of Fig. 27 differs from that used in the 
previous apparatus only in nonessential details of con- 
struction. The electrometer circuit was changed from 
balanced to unbalanced type without increased drift or 
instability. A considerable reduction in galvanometer 




















fluctuation was obtained by evacuating the vessel con- 
taining the FP54 tube and grid circuit. The input 
resistance used was about 7X 10° ohms and the over-all 
current sensitivity about 1.9X10~-* amp/mm with 
fluctuations of about 1 mm. 


38. Magnet 


An electromagnet with pole pieces 5} in. in dia- 
meter is used. The pole pieces and yoke are con- 
structed of an electromagnet iron of the type used in 
the Nevis cyclotron. To make the field more homoge- 
neous, the pole pieces are cut away as shown in Fig. 27. 
At a field of 1000 gauss, the field is uniform throughout 
the interaction space to better than $ gauss. 

A circuit illustrated in block diagrams in Fig. 30 
controls and stabilizes the magnet current. This is 
patterned after a similar system devised by Lentz® 
and Katz. The current sensitive device which furnishes 
the error signal to the dc amplifier is a G.E. 2B23 
magnetically controlled diode placed in a solenoid which 
is energized by the magnet current. A ten-turn helically 
wound L & N potentiometer is used to adjust the mag- 
netic field. Aside from quite manageable thermal drifts, 
this circuit holds the magnetic field current steady to 
one part in fifty thousand. 


39. Magnetic Field Measurement 


Determination of the level shifts requires knowledge 
of the magnetic fields used in taking resonance curves. 
The slopes of the frequency versus field curves ae and af 
of Fig. 15 are about one and two megacycles per gauss 
respectively. Consequently, a determination of the 
level shift to an accuracy of 1 Mc/sec requires an 
absolute measurement of the magnetic field to an 
accuracy of 1 or } gauss, respectively. 

It would have been possible to make such measure- 
ments by observing nuclear induction effects in the 
interaction space; but this would not have been con- 
venient because of the range of magnetic fields, from 
nearly zero to 4000 gauss, to be covered. Instead, a ro- 
tating search coil method was devised which serves this 
purpose adequately. An hysteresis-type synchronous 
motor drives two search coils at 30 cps, one in the field 
of a permanent magnet for a comparison signal and the 
other in the magnetic field to be measured (Fig. 31). 
The permanent magnet is mounted inside an iron shield 
on the motor supporting structure. Search coil No. 2 is 
shown in position in Fig. 27. The coils have an NA of 
about 150 cm?, and fit in a cylinder with an over-all 
diameter of } in. Signals from the search coils are picked 
up with graphalloy brushes from coil silver slip rings. 
Three brushes 120° apart are used on each slip ring to 
minimize brush noise with the brush bearing area 
adjusted to give low noise. Figure 31 shows the 
measuring circuit. The 30-cps amplifier has a gain of 


®J. Lentz and S. Katz, Columbia Radiation Laboratory, 
Quarterly Report, September, 1947, p. 12. 
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Fic. 31. Apparatus for measurement of magnetic field. 


about 5000 and a band width of 5 cy, and is of a 
design suggested by J. Lentz.“ The coils are connected 
so that there is a circulating current at balance which 
is obtained by observing a Lissajous figure on an oscil- 
loscope. The connection from R; to the oscilloscope 
supplies the horizontal signal required for producing the 
Lissajous figure. At balance 


R./Ri= w(N A)2H2/[w(NA)iAy |, (96) 


or 

Hz =const X R>. (96a) 
R, and R, are G.R. 5-decade resistance boxes and in 
Eqs. (96) include the lead and search coil resistances. 
For best results, the relative phase of the signals must 
be carefully adjusted. This is done by rotation of one 
of the shafts relative to the other, and requires an 
adjustment to about 10~ radian. 

This method has the advantage of independence of 
line frequency and stability of relative phase, and it is 
easily possible to make relative field measurements at 
a field of 1000 gauss to an accuracy of 1/50 gauss. If 
two separate motors are used, small erratic relative 
changes in phase give a great deal of trouble. 

In order to make absolute field measurements, it is 
necessary to have a determination of the constant in 
Eq. (96a). This can conveniently be obtained from an 
observation of the sharp transitions af discussed in 
Sec. 44. Except for small corrections, such as that due 
to motional Stark effect and incomplete Back-Goudsmit 
effect of hyperfine structure, the frequency required for 
this transition is given by the equation 





hv=2(1+ 0/24) uoH, (97) 
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Fic. 32. Circuit for measurement of frequency. 


% J. Lentz, private communication. 
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assuming the value of the anomalous magnetic moment 
of the electron derived theoretically by Schwinger.™ 
Owing to the stability of the permanent magnet, it 
suffices to make such a calibration rather infrequently 
as long as the chassis of the rotating search coils is not 
disturbed. For the most precise work, a calibration is 
determined on each day of observation. 


40. Radiofrequency and Power Measurements 


The frequencies used in obtaining the data presented 
in this paper were near 1600, 2000, 2200, and 2400 
Mc/sec, respectively. A 2C39 signal generator was used 
to produce 1600 and 2000 Mc/sec, and a 2C40 the 2200 
and 2400 Mc/sec, although the tube had to be pushed 
hard to give the required power at the latter frequency. 
Conventional regulated power supplies are sufficient to 
give adequate frequency and amplitude stability when 
the tubes are operated well below their ratings. 

The frequency is measured by a beat frequency 
method as illustrated in Fig. 32, where a signal from the 
5-Mc/sec crystal controlled oscillator is multiplied by 
electronic circuits to 100, 200, or 400 Mc/sec. One of 
these frequencies is multiplied again by a 1N23 crystal. 
If the frequency of the signal to be measured is near 
one of the harmonics, a communications receiver can 
be used to measure the difference frequency. Care must 
be taken to avoid one of the false beats due to images, 
harmonics, and extraneous signals. Nevertheless, this 
method is quite satisfactory and allows frequency 
measurements to about 0.01 Mc/sec in the range men- 
tioned. The 5-Mc/sec crystal is standardized against 
Station WWV. 

Rf power supplied to the apparatus is monitored by 
means of a 1N23 crystal at the end of the transmission 
line. Although the readings have only a relative sig- 
nificance at any one frequency, they are adequate for 
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Fic. 33. Dependence on tungsten oven temperature of gal- 
vanometer signal due to metastable hydrogen atoms and back- 
ground deflection due to photo-electrons. The pressure in the 
source chamber given by Knudsen gauge was approximately con- 
stant during the measurements. The signal curve corresponds 
roughly to that for an oven pressure of 10~* atmos in Fig. 5. 


% J. Schwinger, Phys. Rev. 76, 790 (1949). 


AND R. C. RETHERFORD 




















MEAN LIFE (SEC) 























0 1000 00 5000 


2000 3000 40 
MAGNETIC FIELD (GAUSS) 





Fic. 34. Theoretical mean lives of metastable states a and 8 
for atoms from source at 2500°K moving perpendicular to a mag- 


netic field. The calculations assume a level shift of 1060 Mc/sec, 
and neglect quenching other than that due to motional electric 
field. 


the purpose of correcting the data to constant rf power 
(Sec. 45). 


G. OPERATION OF THE NEW APPARATUS 
41. General Considerations 


In taking a resonance curve, typical operating condi- 
tions are: source temperature, 2550°K; bombarding 
voltage, 10.8 v; bombarding current, 200 wamp; gas 
pressure in the source chamber, 7.5X10~* mm Hg for 
hydrogen and 5<X10~* mm Hg for deuterium; gas 
pressure in the detector chamber about 3X 10-* mm Hg, 
and some intermediate value in the bombardment 
chamber. Under these conditions, the signal due to 
metastable atoms is from 100- to 140-cm galvanometer 
deflection when the apparatus is considered usable. 
Fluctuations may amount to a few millimeters on favor- 
able occasions. 

Although larger signals can be obtained at higher gas 
admission rates, it was found that objectionable fluc- 
tuations in signal occur when the source chamber 
pressure is greater than about 8X 10~* mm Hg. At equal 
pressures, deuterium gives about 50 percent more signal 
than hydrogen. Consequently, although the deuterium 
working pressure is taken lower than for hydrogen, the 
signal is steadier, and the data are more accurate. 

Similarly, larger signals can be obtained by elevating 
the temperature of the hydrogen dissociator, as can be 
seen from Fig. 33. The adopted temperature is one that 
gives long life of the tungsten tube and fairly large 











signals without unduly heating the apparatus. In this 
figure, the curve labelled “background” is about twice 
as large as would be obtained at present because of some 
subsequent improvements in the electron gun. The 
curve labelled “signal” corresponds roughly to the 
middle curve of Fig. 5. 

In contrast to behavior with the apparatus described 
in Part I, operation of the electron bombarder is only 
slightly dependent on the maghetic field when it is 
greater than about 50 gauss. This is presumably due to 
the. much more homogeneous magnetic field in the 
present apparatus. Nevertheless, the signal due to 
metastable atoms is still quite dependent on the mag- 
netic field. 

As explained in Sec. 16, the motional electric field 
E=(v/c)H causes a quenching of the two metastable 
states a and £ at different rates. The lifetimes of these 
states may be calculated according to Eq. (42), suitably 
generalized to allow for the multiplicity of competing 
states; and the results are shown in Fig. 34. 

In addition, there may be quenching due to stray 
electric fields in the electron bombarder or elsewhere 
along the beam. These could markedly reduce the mag- 
nitude of the signal where there is near degeneracy of 
the 27S; and 2?P, states, which may occur for both a- 
and #-states at low magnetic fields, and for state @ in 
the vicinity of the crossing point of states 6 and f in 
Fig. 14. 

Beyond this point, the beam of metastable atoms 
begins to contain an appreciable fraction of atoms in the 
lower metastable state. The actual amount is very 
dependent on the presence of stray electric fields, 
because of the near degeneracy. Complications which 
this imposes on the analysis of resonance curves will be 
considered in Parts III and IV. 


42. Excitation Curves for the State 27S, 


Excitation curves have been very instructive in the 
study of the relationship of electron bombarder condi- 
tions and signal. In addition, they have an intrinsic 
interest of their own; but unfortunately the present 
apparatus is not well adapted to taking good excitation 
curves. 

The curves of Fig. 35 labeled “signal” represent the 
variation of the beam of metastable atoms with electron 
accelerating voltage, and “background” the corre- 
sponding current due to photons. Curves A are taken 
with the hydrogen dissociator turned on, i.e., for the 
atomic case, and curves B for the oven at room tem- 
perature, i.e., for the molecular case. 

The apparent threshold of signal in case A is 9.3 v, 
which is to be compared to the expected value of 
10.2 v. This discrepancy may be attributed to the 
combined effect of (1) thermionic energy of emission of 
bombarding electrons, (2) contact potential differences 
between the tungsten filament and molybdenum anode, 
(3) reduction of electron energy by space charge, (4) 
filament voltage drop, (5) recoil dilution factor of Eq. 
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(22) variable with electron bombardment energy, and 
(6) effects due to charged insulating layers on grid and 
anode. 

Some of these effects contribute merely a constant 
additive correction to the voltage scale. Thus, (1) should 
add about 4 v, while (2) should be the difference 
between the work function between the tungsten 
filament and molybdenum anode, for clean surfaces 
4.5—4.1=0.4 ev. 

The reduction of electron energy due to space charge 
will in general both distort the excitation curve and 
change its threshold. If the bombarding current is 
vanishingly small, the error disappears. In order to be 
able to use a finite but small current and avoid dis- 
tortions, the following procedure was adopted. As the 
nominal energy eV» of the electron beam was varied, 
the bombarding current J was also varied so as to keep 
the charge density constant. Assuming small space 
charge, this requires that J and V» be related by the 
equation, 

(98) 


In that case, the effective energy eV of the beam would 
differ by a constant amount from the nominal energy 
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Fic. 35. Excitation curves (for deuterium) giving variations of 
signal and background with nominal energy of electron bombard- 
ment. Curves marked (A) were taken with tungsten oven at 
2550°K, while the oven was at room temperature for those 
marked (B). The curve marked Signal (B) is due to the process 
of molecular dissociation discussed in Sec. 7, while the hump on 
Signal (A) starting at 14 ev corresponds to the same process 
occurring in the molecular gas in the bombardment Geuaker, 
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Fic. 36. Observed resonance — for hydrogen taken at 2195.1 
Mc/sec with power chosen to bring the ae k to about 31 
percent quenching. The hyperfine structure of the transition af 
is clearly resolved, and the separation is about as expected in Sec. 
17, assuming the ‘hfs of the 2*P; states to be 4 of that for 25. 
A more quantitative test of this ratio must await accurate curve 
fitting of such data to a theoretical formula. 


eVo, and effect (3) would simply give an additive 
constant error in the voltage scale. It is, of course, 
necessary to reduce the data to constant bombarding 
current, assuming that when the space charge is small, 
the signal is proportional to the bombarding current at 
a given effective energy. According to a result of 
Nergaard,® the depression of the potential in a thin 
electron beam is given by 


Vo=V=1/(Cd), (99) 


where v= 5.93X107V? is the electron speed and C is the 
“capacity per unit length” of the electron beam, 


C=2u[44-3d-9X10"}, (100) 


with w the width of the electron beam, and d the distance 
separating the top and bottom of the U-shaped anode. 
For w=1 cm, d=0.050 in=0.127 cm, 


Vo—V=6X10°7V- volt; (101) 


and for J=50X10-* amp, Vo=10.8 v, V—Vo=0.1 v, 
so the approximations in Eq. (98) should be good. 

The voltage drop (4) has a more important effect. 
Because the filament is centertapped, and the total 
voltage drop is about 1.7 v rms, the maximum volt- 
age correction is 3V21.7=1.2 v peak. Since not all 
of the filament length is effective in producing elec- 
trons, this figure is somewhat high; and one volt will 
be taken as the correction to be added to the nominal 
voltage scale. 

The variation of recoil dilution factor with energy 
would not be expected to alter greatly the observed 
threshold, although it might seriously change the shape 
of the excitation curve at higher energies. 

With the corrections estimated above, 0.3+0.4—0.1 
+1.0= 1.6 ev, the observed threshold would be 9.3+-1.6 
= 10.9 ev, which is too high by 0.7 ev, according to 
theory. It cannot be said whether this difference is due 
to errors in the above estimates, or to item (6) discussed 
in the next section. 
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In any case, the apparent threshold energy of signal 
(a) is low by 10.2—9.3=0.9 ev, so that presumably the 
apparent threshold energy of signal (B) due to dissoci- 
ation of molecules should be raised by 0.9 ev, giving 
14.2+-0.9=15.1 ev in agreement with the expectations 
of Sec. 7. It is clear that, compared with the adopted 
method, the molecular dissociation method of producing 
metastable atoms directly gives a very unfavorable 
ratio of signal (B) to background (B) resulting in large 
fluctuations. ‘ 


43. Disappearance of the Signal 


It was remarked in Sec. 35 that no difficulties with 
emission poisoning have occurred with the tungsten 
cathode. However, there has still been considerable dif- 
ficulty with disappearance of the beam of metastable 
atoms at various times. If one starts with a clean appa- 
ratus having new oil in all the pumps, a month may 
elapse before the signal becomes unusably small. For 
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Fic. 37. Observed resonance curves for deuterium taken at 
2195.1 Mc/sec with power chosen to bring ae peak to about 31 
percent. Each peak is the composite of three unresolved peaks 
separated by about 9 gauss (compared to about 59 gauss for 
hydrogen). 


a time thereafter, it is possible to regain the signal by 
heating the anode of the electron bombarder before 
observations. Subsequently, this does not suffice and 
it is necessary to heat the anode during the taking 
of data; and, finally, it becomes impossible to keep a 
usable signal at all. The remedy in such a situation is 
to clean the inside of the apparatus thoroughly and 
replace all of the pump oil. 

If the apparatus is in a clean condition, it is observed 
that as the bombarding current is increased, the signal 
increases also until a current of about 400 ywamp is 
reached, after which the signal rapidly decreases to a 
value of only a few centimeters. The background 
behaves similarly. When the signal has partially disap- 
peared, as described above, the optimum current is less 
than 100 vamp. At this state, heating the anode will 
usually restore the optimum current to something like 
300 wamp. At later stages this becomes impossible. 

The probable explanation of this phenomenon, as 
already mentioned in Part’ I. is that the surface of the 
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anode becomes coated with an insulating substance 
which acquires a negative charge under electron bom- 
bardment. When the poisoning has reached the acute 
stage, brownish-black deposits become visible on the 
anode in the region where the electron beam strikes. In 
some cases, the shadow of the grid wires can be seen on 
the anode. As a result of the action of the crossed mag- 
netic field and electric field resulting from space charge 
repulsion, the shadow is somewhat skewed. The fact 
that deposits form in this way is taken as evidence that 
they are. produced by breakdown under electron bom- 
bardment of an organic layer on the anode surface. The 
substance causing these deposits has not been deter- 
mined; but it is probably a decomposition product of 
pump oil vapor, apiezon wax, or solvent vapor which is 
produced by electron ‘bombardment, reaction with 
atomic hydrogen, or thermal decomposition. The forma- 
tion of such visible deposits under electron bombard- 
ment is well known® to workers in electronics, although 
they are mostly reported at energies of 12 ev or more, 
whereas only 10.8 ev is used here. Of course, many of 
the difficulties experienced with the electron bombarder 
are peculiar to the low energy required for work just 
above the critical potential of hydrogen. 

Another effect noted has been a varying contact 
potential of about 0 to 0.6 ev in the rf line between the 
electrostatic quenching electrode and the center con- 
ductor. This phenomenon will be discussed in a later 
paper in another connection. Visible deposits accumulate 
on the electrodes of the rf line and on the detector 
target 7. These are in part related to the deposits in the 
electron bombarder and also to material evaporated 
directly from the hydrogen dissociator, possibly an 
oxide of tungsten. 


H. OBSERVATIONS 
44, Transitions a§ 2°S; (m=1/2—m=—1/2) 


As mentioned in Sec. 16 and illustrated in Fig. 34, 
the lower 22S; state 8 is much less metastable than the 
upper state a for a considerable range of magnetic 
fields. Consequently, it should there be possible to 
observe transitions from a to 8, since atoms in the 
B-state do not reach the detector. The corresponding 
resonance curves should have a width determined by 
the reciprocal life of the 6-state, and as this is consider- 
ably longer than the life of the nonmetastable states 
such as e and /, the aB-resonances should be much nar- 
rower than those for transitions ae, af, etc. Even at the 
crossing point of levels 8 and e, the life of state @ is 
4X10-® sec according to Fig. 34, so that the half- 
width ought to be 1/(2x7) or 4 Mc/sec instead of 100 
Mc/sec as for transitions to the more highly damped 
states. 

Since the frequency of the af-transition is closely 
given by Eq. (97), a very convenient method for deter- 
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Fic. 38. Observed resonance curves for hydrogen taken at 2395 
Mc/sec with power chosen to bring af peaks to about 31 percent 
and thereby considerably saturating the ae peak. 


mination of magnetic field in the apparatus should be 
available. 

Such resonances were sought with the previous ap- 
paratus, but, owing to smallness of signal and lack of 
constancy and homogeneity of the magnetic field, could 
not be observed. In the present apparatus, the sharp 
transitions af are easily observable and are used for 
magnetic field calibration. Some examples of the 
aB-resonances are discussed in Sec. 47. 


45. Resonance Curves for Transitions ae and of 


The data of Part I were taken at a large number of 
frequencies in order to map out the entire field of ob- 
servable transitions such as is shown in Fig. 25. In the 
present paper and in those to follow, the plan is to 
concentrate on obtaining accurate data at only a few 
frequencies. This procedure is based on the assumption 
that aside from the presence of the shift of the 27S, state 
and a possible small change in the doublet separation, 
the theory of the Zeeman effect is well enough known 
that the shifts can be calculated accurately from 
measurements made at a few frequencies. In order to 
allow for possible deviations from theory, measurements 
are presented for both the af and ae transitions of 


More 39. Mpeg ey curves for deuterium taken at 2395 
c/sec with power chosen to bring af peak to about 31 percent 
and thereby considerably saturating ae peak. 
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Fic. 40. Detail of ae peak (similar to that shown in Fig. 38) 
broadened by application of excessive rf power. The dotted curve 
on the left represents the mirror image of the right side of the 
resonance curve about an arbitrary magnetic field ordinate. The 
lack of symmetry is presumably due to causes listed in Sec. 45, 
but in any case is so small that a fairly reliable level shift can be 
obtained without elaborate corrections. 


On account of the variability of signal with magnetic 
field discussed in Sec. 41, the resonance curves would 
be considerably distorted if variations in signal were 
not taken into account. Consequently, at each magnetic 
field setting, the signal is measured by quenching essen- 
tially all of the metastable atoms by the application of 
an electric field (Sec. 36). The degree of quenching by 
the radiofrequency field is then expressed as the per- 
centage of the total possible quenching. This procedure 
also minimizes distortions due to changes in signal 
produced by other causes such as changing pressure, 
bombardment current, drift of hydrogen dissociator 
temperature, detector efficiency, etc. These quantities 
are usually only slowly variable, so that the process is 
quite effective. Changes in rf power are corrected by 
measuring the change in the degree of quenching cor- 
responding to a small change in crystal current. For 
small changes in power this is proportional to the change 
in power and gives a slope d¢/d/,, where ¢ is the per- 
centage of quenching and /, is the crystal current. This 
measurement is usually made at some standard point 
where the quenching is ¢o. Then at some different ¢, 
one has, at least for small quenching 


d¢p/dI = (¢/o0)(do/dI z)o. (102) 


It is thus possible to correct all of the points to the 
same rf power level. 

Complete resonance curves are shown in Figs. 36-39. 
The curves of Figs. 36 and 37 for hydrogen and deu- 
terium, respectively, were taken at 2195 Mc/sec with 
rf powers giving about 31 percent quenching at the ae 
peak. The af peaks are weaker than those for ae because 
of the orientation of the rf electric field. There is a 
marked improvement of these results over the nearly 
comparable ones given in Fig. 15 of Part I. The hyper- 
fine structure of the af peak for hydrogen is clearly 
resolved as it should be, and the deuterium resonances 
are noticeably sharper than those for hydrogen owing 
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to the reduced hyperfine structure for deuterium. In 
Figs. 38 and 39 are shown corresponding results ob- 
tained at 2395 Mc/sec with increased rf power so as 
to bring the peaks af to 31 percent. The other resonances 
ae are then somewhat broadened owing to rf saturation 
effects discussed in Sec. 13. 

Some general remarks are required on the possible 
methods of taking data to determine the resonance mag- 
netic fields. Essentially three methods come into con- 
sideration here: (1) determination of the magnetic 
fields for which the quenching is maximum by a study 
of the neighborhood of the maxima only, (2) measure- 
ments made on the sides of the resonances near points 
of inflection in order to determine a midpoint, and (3) 
a fit of an entire resonance curve to a theoretical reso- 
nance curve containing the resonance fields as param- 
eters to be determined. 

The third method is soundest in principle, but in 
practice necessitates taking an enormous amount of 
data which would require greater long term stability 
of the apparatus than has been obtained. An advantage 
of this method would be that all kinds of shifts and 
asymmetries could (or should) be included in the 
theoretical formula. 

The first two methods will give erroneous results if 
there are uncorrected asymmetries and shifts. Both 
methods are in error equally if shifts are present, while 
the first errs less in the case of asymmetries. On the 
other hand, a really precise determination of the level 
shifts requires that all asymmetries be understood and 
allowed for, so that the intrinsically higher accuracy of 
determination of the midpoint by method (2) has led 
to its selection over method (1). 

Among the factors which can lead to asymmetries 
and shifts, besides those basic to radiation theory, are 
the following: (1) overlap of nearby resonances, (2) vari- 
ation of the matrix element for the transition as the 
magnetic field is varied (due to breakup of L-S 
coupling), (3) incomplete Back-Goudsmit effect for the 
hyperfine components, (4) differential quenching of the 
hyperfine components by motional electric fields, (5) 
curvature of the Zeeman energy curves, (6) Stark 
effect, and (7) presence in the beam of a small fraction 
of atoms in the §-state. A lengthy program of calcula- 
tions and measurements is required to allow for all such 
sources of error, and will form the subject of Parts IIT 
and IV. For present purposes, however, it suffices to 
take a more purely empirical point of view. The reso- 
nances are actually highly symmetrical. This has been 
tested in Fig. 40, in which an excessive amount of power 
has been used to further broaden the ae resonance, and 
thereby increase the chance to observe an asymmetry. 
Despite this, the centers of the curve obtained at dif- 
ferent levels of quenching agree quite closely with each 
other, and also with the center obtained when using 
much less power. 

A further empirical check was made by comparing 
the centers for the different resonances ae and af at 
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2195 and 2395 Mc/sec. On the basis of these experi- 
mental tests, and supported by simple estimates of the 
effect of the errors listed above, we conclude that no 
corrections are needed to obtain a result with a limit 
of error of +5 Mc/sec from the treatment of the data 
given below. 


46. Data and Results 


We now turn to a discussion of some data analyzed 
by the second method above. These measurements were 
made on runs of generally high caliber, but certain re- 
finements to be described in the later papers were not 
included. One defect was that the field calibration made 
at 2395 Mc/sec was not corrected for motional Stark 
effect. In order to minimize the effects of uncontrolled 
changes in search coil calibration, crystal sensitivity, 
etc., points were taken on alternate sides of the curve 
in a zigzag fashion, so that the center of the curve could 
be determined at various levels of the curve. This was 
done graphically on a large scale plot by reflecting one 
side about a line of ordinates near the center of the 
peak. Five or six pairs of points were usually selected 
along the sides of the curve. Each pair of points permits 
a determination of the shift. The shift is determined on 
the basis of the theory given in Sec. 15, using in par- 
ticular, Eqs. (39)-(41). 

In the case of the af peaks, a rough correction for 
overlap by the ae resonance was made. 

The results for the 275; level shift in hydrogen from 
these runs are presented in the form of a histogram in 
Fig. 41, in which the nominal internal scatter and dis- 
crepancy between results for ae and af give results 
ranging from 1061 to 1065 Mc/sec. It should be recalled 
that in using the formulas of Sec. 15, no account is 
taken of the anomalous magnetic moment of the elec- 
tron, reduced mass effects, and other corrections men- 
tioned in Sec. 45. In addition, there is a possible error 
of a megacycle or so in using the a§-resonance at 2395 
Mc/sec for magnetic field calibration without correction 
for Stark effect. With these possibilities for error in 
mind, the value for the shift was reported™ in January, 
1949, as 106225 Mc/sec with confidence that the 
finally obtained value would not lie outside this range. 
Results for deuterium lie in the same range. 


47. Observation of Sharp Resonances 


As explained in Sec. 39, the sharp transitions a8 were 
used to calibrate the magnetic field. These have a 
markedly different character depending on whether or 
not the level @ is separated from competing levels by 
their radiation width. An example of the first type, 
taken at 1995 Mc/sec, is given in Fig. 42, and some of 
the second type are shown in Figs. 43 and 44. The 
resonances of the second type are superposed on the 
broad resonance ae, as shown in Fig. 45. 

One of the sharp resonances is observed for each 
hyperfine state: two for hydrogen and three for deu- 
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Fic. 41. Histogram showing distribution of results obtained 
from 61 determinations of 2*S, level shift. The difference between 
results obtained from ae and af would presumably be removed if 
the corrections for the errors listed in Sec. 45 were applied. The 
finally determined level shift may be expected to lie in the range 
1062+5 Mc/sec. 


terium. A peculiar feature of these transitions is that 
the quenching is reduced when the resonance condition 
W= Wag is satisfied. In the first type of resonance, this 
reduction occurs at the minimum on the right of the 
peak. The maximum is located essentially at the field 
to be expected if motional Stark effect shifting of the 
levels is considered. In the second type, the quenching 
of each hyperfine component is also reduced to a smaJl 
value when w=wag. The width of the resonance cor- 
responds to the lifetime of the §-state at the crossing 
point of 6 and e as explained in Sec. 44. 

The theory of these transitions leads to an under- 
standing of the above features. It is rather complicated 
and will be postponed to Part III. However, one can 
obtain a physical picture of the process in terms of an 
electrical analogy with the problem of two coupled 
resonant circuits shown in Fig. 46, consisting of a 
primary with parameters 1, C;, R: and a lossless 
secondary L2, C2 coupled to the first by a mutual in- 
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MAGNETIC FIELD (GAUSS) 

Fic. 42. Example of af-transition taken at 1995.3 Mc/sec. The 
peak shown is the center one of three observed with deuterium 
separated by about 9 gauss. For hydrogen, two peaks separated 
by about 63 gauss would be observed. The resonance fields for 
transitions af and ae at this frequency would be 490 and 970 
gauss, respectively. 
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Fic. 43. Sharp resonance curves for transitions af in deuterium 
at a frequency 1613.2 Mc/sec, for which the broad resonance ae 
overlaps the sharp resonance af. 


ductance M. The resonance frequency w;=(Z;C)~ of 
the first circuit corresponds to the transition from a 
to e, and radiation damping is represented by the 
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Fic. 44. Detail of the central peak shown in Fig. 43 obtained in 
another measurement. 


resistive element R;. The resonance w:=(L2C:)~! of 
the second circuit occurs at the frequency of the transi- 
tion a8. As represented by setting R,=0, the f-state 
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Fic. 45. Panoramic view of resonances af and ae in deuterium 
at 1613.2 Mc/sec showing location and magnitude of sharp 
resonances of Fig. 43. 


does not decay directly. There is no direct coupling from 
a to B (except by relatively unimportant magnetic 
dipole radiation), while in the electrical circuit analogy, 
the second resonator is excited only indirectly by its 
mutual inductive coupling to the first circuit. In the 
atomic case, the motional Stark effect provides the 
coupling between 8 and e. The input admittance of 
such a circuit (and hence the power absorbed) has a 
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broad resonance for w= wee, while in a very narrow band 
about w=Wwag the reflected impedance of the lossless 
secondary is large and reduces the response of the 
network. 

The authors have benefited greatly from the coopera- 
tion and assistance of Messrs. N. T. Williams, P. F. 
Yergin, and J. J. Lentz as well as others mentioned in 
Part I. 


Fic. 46. Electrical circuit 
analog for interference of 
transitions ae and af. 
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The alpha-particles from boron bombarded by 1.51-Mev deuterons have been investigated with a mag- 
netic spectrometer. Two groups of alpha-particles have been assigned to the reaction B“(d,a)Be® with 
Q-values of 8.018+-0.007 and 5.596+0.006 Mev, indicating a virtual state of Be® at 2.422+0.005 Mev. 
The previously unreported alpha-particle group corresponding to this excited state had a natural half-width 
of less than 7 kev. No additional alpha-groups corresponding to excited states of Be® were observed for 


excitations of Be® from 0 to 5.0 Mev. 





I. INTRODUCTION 


T present, only the one excited state of Be® at 
2.4 Mev is well-established experimentally. This 
virtual state was first discovered by Davis and Hafner! 
from the inelastic scattering of 4.5- and 7.1-Mev 
protons. They reported the level at 2.41 Mev with a 
half-width of less than 100 kev and found no indication 
of other levels in Be® up to 5.4-Mev excitation. This 
result has been confirmed recently by Rhoderick,? who 
found only one level at 2.39+0.05 Mev from the inelastic 
scattering of 4.7-Mev protons. 

Guth and Mullin*® have made a theoretical analysis of 
the experimental cross section of the Be*(y,n)Be® reac- 
tion which has a pronounced maximum about 100 kev 
above the reaction threshold. Their results indicated 
that the Be®(y,m)Be® yield can be accounted for by a 
bound S-state about 100 kev below threshold (at 1.5- 
Mev excitation of Be®). 

Mullin and Guth‘ have also analyzed the angular dis- 
tribution of neutrons from this reaction. They find good 
agreement with the assumption that the ground state of 
Be’ is a doublet *P-state and that the level at 2.4 Mev 
is an unresolved ?D-state. 

It is possible to examine the excited states of Be® 
from an investigation of the B"(d,a)Be™ reaction. The 
ground-state B"(d,a)Be® alpha-particles have been ob- 
served by Cockcroft and Lewis® at 0.55-Mev bombard- 
ing energy, and they reported® a Q-value of 8.130.12 
Mev. In their results, there was no indication of an 
alpha-group corresponding to the 2.4-Mev excited state 
of Be*®; however, if such an alpha-group were much 
weaker than the ground-state group, it probably would 
not have been detected. Using 0.55-Mev deuterons and 
an enriched B"™ target, Smith and Murrell’ found the 
ground-state B"(d,a)Be® alpha-group to have a range 


t = work has been assisted by the joint program of the ONR 
and 
i Kt E. Davis and E. M. Hafner, ny et, 73, 1473 (1948). 
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* E. H. Rhoderick, Proc. Roy. Soc 
s = Guth and C. j. Mullin, Phys. Rev. 46s 234 ( 1949). 
it Mullin and E. Guth, Phys. Rev. 76, 682 (1949). 
alls Cockcroft and W. B. Lewis, Proc. Roy. Soc. A154, 246 
* Corrected by M. S. Livingston and H. A. Bethe, Rev. Mod. 
Phys. 9, 3 (1937). 
7C, L. Smith and E. B. M. Murrell, Proc. Cambridge Phil. Soc. 
35, 298 (1939). 


of 4.6 cm. They observed another alpha-group of 2.8- 
cm range, which was of about equal intensity from both 
the enriched B" and B"° targets and which Smith and 
Murrell attributed to carbon contamination from the 
reaction C'¥(d,¢)B". An alpha-group corresponding to 
the 2.4-Mev excited state of Be® would have coincided 
with the 2.8-cm alpha-group. However, it should have 
been six times more intense from the enriched B"™ 
target (97 percent B") as from the enriched B"® target 
(15 percent B"), 

Since there had been no report in the literature of any 
alpha-particle groups from the B"(d,a)Be™* reaction 
corresponding to excited states of Be’, it was decided to 
study this reaction. This has been dene using a magnetic 
spectrometer of high resolution in order to investigate 
both the states of Be® and the possibility that some of 
the states may be closely spaced doublets. 


Il. APPARATUS AND EXPERIMENTAL PROCEDURE 


The apparatus and experimental procedure were 
essentially the same as those described in a previous 


paper,* except for some improvements in stabilization 
and in the analysis of results. A beam of deuterons in 
the energy range of 1.2 to 1.8 Mev was obtained from 
an electrostatic accelerator. This beam was then defined 
in space, direction, and momentum by means of a 
deflecting magnet and slit arrangement. The target was 
located between the pole faces of a large annular 
magnet. A fraction of the charged particles emitted 
from the target at right angles to the incident beam was 
deflected through 180 degrees and focused in the uni- 
form field of the annular magnet. The charged particles 
were recorded on Eastman NTA plates, each plate 
being exposed successively and each covering a range 
of 10 percent in energy. During the course of the experi- 
ments to be described, an improvement was made in 
the stabilization of the magnetic field of the annular 
magnet. With the slit arrangement used, charged- 
particle groups were measured with an energy spread 
at half-maximum of as low as 0.21 percent. 
Measurements of the magnetic field and radii of 
curvature of the charged particles determined the 
momentum of the particles. The magnetic field was 


10 oa” Strait, Stergiopoulos, and Sperduto, Phys, Rev. 74, 
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Fic. 1. Alpha-particle spectrum from natural boron and enriched 
B® targets in the energy interval 3.0 to 6.7 Mev. The incident 
deuteron energy is 1.510 Mev. 


measured by a balance-type fluxmeter which was de- 
scribed in a previous paper.® The calibration constant 
for the fluxmeter was determined from the measured 
radius of curvature of polonium alpha-particles in the 
magnetic field of the annular magnet. The value of Hr 
for polonium alpha-particles used as an absolute 
standard was computed from Briggs’ value!’ for the Hr 
of RaC’ alpha-particles and from Lewis and Bowden’s 
value" for the ratio of velocities of RaC’ alpha-particles 
and polonium alpha-particles. From these measure- 
ments, the value of Hr for polonium alphas is 3.3159 
10° gauss-cm (absolute emu), accurate to 1 part in 
5000. 

The radii of curvature of the charged-particle groups 
were determined by measuring with a microscope the 
track-density distribution on the nuclear-track plates 
relative to a fixed index mark. The background track 
density for a given peak was determined at points suf- 
ficiently far removed so that the contribution from the 
reaction peak was negligible. In the case where several 
peaks were only partly resolved, an analytic resolution of 
the peaks was made taking into account the peak shape. 

The incident deuteron energy was determined from 
the measurement of the energy of deuteron groups scat- 
tered elastically from targets consisting of a thin layer 
of natural boron evaporated onto a thin film of Formvar. 
It was found possible to resolve the deuteron groups 


* Buechner, Strait, Sperduto, and Malm, Phys. Rev. 76, 1543 
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scattered from B!®, B", C®, and O'* nuclei contained in 
the target and backing. 

As will be described in a forthcoming paper, the 
determination of Q-values was made more precise by an 
accurate measurement of the median angle of observa- 
tion as a function of the magnetic field of the annular 
magnet. This angle varied from ($7—0.0029) radians 
at zero field to ($¢—0.0015) radians at maximum field. 
The appropriate corrections were applied to the ob- 
served Q-values calculated for a 90-degree angle of ob- 
servation. In addition, a correction was made for the 
finite solid angle of observation as well as for the ap- 
proximation of using the nonrelativistic Q-equation for 
calculation. 

The targets used for the initial survey of the 
B"(d,a)Be® reaction were prepared by the evaporation 
of metallic boron from a carbon crucible onto platinum 
backings 0.010-in. thick. Both natural boron and boron 
enriched to 96 percent B' (obtained from Oak Ridge) 
were used. These targets had an effective thickness for 
the B"(d,a)Be® ground-state reaction of less than 13 
kev. In addition, targets were made consisting of a thin 
layer of natural boron evaporated onto a thin film of 
Formvar. From these latter targets, it was possible to 
observe deuteron groups elastically scattered from the 
B" and B" nuclei in the natural boron. 


Ill. RESULTS 


A survey was first made of the alpha-particle groups 
with energies between 3.0 and 6.7 Mev emitted from 
the natural boron and enriched B’® targets on platinum 
when bombarded by 1.51-Mev deuterons. The results 
of this survey are shown in Fig. 1. The survey was not 
extended to lower energy alpha-particles because of the 
presence of deuterons scattered from platinum. The 
yields of the alpha-particles from the two targets have 
been normalized to the same beam bombardment and 
area counted on the nuclear-track plates. The relative 
thickness of the two targets was determined from a 
comparison of the yield of the B'°(d,p)B" protons from 
each target. When corrected for the isotopic abundance 
of B'° in the two targets, the thicknesses of the natural 
boron and enriched B'° targets were found to be equal 
to within 10 percent. 

In Fig. 1, the prominent alpha-group from the 
natural boron target (81 percent B") at 6.37 Mev was 
assigned to the ground-state reaction B"(d,a)Be’. This 
assignment was made on the basis of the following 
evidence. From the enriched B’® target (four percent 
B"), a weak alpha-group at this position could barely 
be distinguished from the continuous distribution of 
alpha-particles from the reaction B'°(d,a)2a. The yield 
of this group increased by a factor of approximately 25 
when the natural boron target was substituted for the 
enriched B' target. Since there is a difference of a 
factor of 20 in the relative abundances of B" in the two 
targets, this result is in agreement with the assumption 
that the 6.37-Mev alpha-group originates from the B". 








The preliminary Q-value for this group was found to be 
8.02 Mev, in close agreement with the value of 8.03 Mev 
calculated from masses” and in fair agreement with the 
previous experimental value® of 8.132-0.12 Mev. The 
above results indicate that the assignment of this 
alpha-group to the B"“(d,a)Be® reaction is correct. 

A second prominent alpha-group of 4.69-Mev energy 
was observed from the natural boron target. A weak 
group of the same energy was observed from the 
enriched B"° target, the yield being about a factor of 10 
smaller. If this group were assigned to the B"(d,a)Be™* 
reaction, it would correspond to an excited state of Be® 
at 2.42 Mev, agreeing with the position of an excited 
state already established by inelastic proton scattering. 
However, the ratio of the yields from the two targets 
was a factor of 2 smaller than expected. In addition, at 
1.51-Mev bombarding energy, the position of this 4.69- 
Mev alpha-group agreed within a few kev with the 
position of the alpha-group from the C™(d,a)B" reac- 
tion with a Q-value of 5.16 Mev. Prior to these experi- 
ments, the C(d,«)B" group had been observed from 
other targets subjected to long bombardments and had 
evidently originated from a surface contamination of 
natural carbon which contains 1.1 percent of C¥. It 
was therefore necessary to eliminate the possibility that 
the observed alpha-group from the natural boron target 
was entirely due to the C8(d,a)B" reaction. 

To accomplish this purpose, the relative intensities 
of the C¥(d,a)B" and C¥(d,p)C™ groups were measured 
at 1.811-Mev bombarding energy from a target of 
KCN, enriched to 60 percent C*. The ratio of the 
yields was found to be 5:1. Then, the ratio of the pos- 
sible B"(d,a)Be* alpha-group and the C¥(d,p)C™ 
proton group was measured from the natural boron 
target at the same bombarding energy. This ratio was 
found to be 62:1. This indicated that only eight percent 
of the alpha-group from the natural boron target could 
be attributed to the C¥(d,a)B" reaction, and the re- 
mainder was evidently due to the B"(d,a)Be™* reaction. 
This also explained the fact that the ratio of the yield 
of this group from the natural boron and the enriched 
B’° targets was lower than predicted from the abun- 
dance of B" in the two targets, inasmuch as part of the 
weak group from the enriched B’® target was evidently 
due to the C(d,a)B" reaction. 

In the above work, the energy of the B"(d,a)Be* 
alpha-group was measured at 1.812-Mev bombard- 
ing energy. Combining this result with the original 
measurements made at 1.510-Mev bombarding energy, 
it was possible to determine the shift in energy of this 
alpha-group for a change in deuteron bombarding 
energy of 302+-3 kev. At an angle of observation of 90 
degrees, the change of energy of a disintegration particle, 
AEwut, due to a change of bombarding energy, AEin, is 
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given by: 
AE wut= [(M ree M in)/(M reat+ Mout) AE in, 


where M,.. is the mass of residual nucleus, Min is the 
mass of bombarding particle, and Mou: is the mass of 
disintegration particle. 

In the case of the B"(d,a)Be* reaction, the energy 
of an alpha-group would change 162+2 kev for a 
change in bombarding energy of 302+3 kev. For the 
C¥(d,a)B" reaction, the expected change would be 
181+2 kev. The observed change in the energy of the 
alpha-group was 161-4 kev, in agreement. with the 
assignment of this group to the B"(d,a)Be™ reaction. 
In fact, this result ruled out any target mass other than 
11, since a target mass of 10 or 12 would have given an 
alpha-energy shift of 151 or 172 kev, both of which are 
outside the limit of error on the measurement. These 
results indicated that the 4.69-Mev alpha-group from 
the natural boron target could be assigned unambigu- 
ously to the B"(d,a)Be™* reaction. 

In the light of this evidence, the results of Smith and 
Murrell’ were reexamined. Using enriched B™ (97 per- 
cent B") and B' (15 percent B") targets, they found 
a 2.8-cm alpha-group that they assigned to carbon 
contamination on the basis that the yield of this. group 
was about the same from the two targets. The possi- 
bility cannot be ruled out that part of the group which 
they observed was actually due to the B"(d,a)Be™ reac- 
tion, but it is evident that they also observed particles 
from the C¥(d,a)B" reaction. 

The remaining prominent alpha-group in Fig. 1 of 
energy 3.42 Mev from the natural boron target was 
only a factor of 2.5 more intense than the corresponding 
group from the enriched B® target. This factor was 
considerably smaller than the factor of 20 for the rela- 
tive amounts of B" in the two targets and indicated 
that this alpha-group should not be attributed to the 
B"(d,a)Be* reaction. In addition, the Q-value of this 
group, if assigned to the reaction O'*(d,a)N™, agreed 
within 10 kev with the Q-values measured for the same 
reaction when a target of Formvar (containing oxygen 
but no boron) was used. However, it was still necessary 
to rule out the possibility that part of this group could 
come from the B"(d,a)Be™* reaction. In order to do 
this, the following experiments were made: 


(1) The ratio of intensities of the O'"(d,a)N“ and 
O'*(d,p)O" groups from a thin Formvar target was 
measured at 1.510-Mev bombarding energy and was 
found to be 0.8: 1. Then, the ratio of the 3.42-Mev alpha- 
group and the O'*(d,p)O" proton group from the natural 
boron target was measured at the same bombarding 
energy and was found to be 1:1. These ratios were con- 
sidered in agreement with the accuracy of measurement. 

(2) The relative yield of this prominent alpha-group 
from the natural boron target at 1.81- and 1.51-Mev 
bombarding energy was measured as 3.0:1. The same 
relative yield was measured from the enriched B'® 
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target (four percent B") and was found to be 3.7:1, in 
agreement within the error of measurement. 

(3) Precise measurements were made on the energy 
shift of the prominent alpha-group from the natural 
boron target when the deuteron bombarding energy was 
changed from 1.203 to 1.811 Mev. The expected change 
in energy for a B"(d,a)Be* alpha-group would be 
32722 kev for a change of 608+3 kev in bombarding 


energy, while that for a O'*(d,a2)N™ group would be 
4052 kev. The observed change in energy was 403-3 
kev, in agreement with the assignment of this group to 
the O'*(d,a)N™ reaction. 


In addition, the observation of the O'*(d,a)N™ group 
at a bombarding energy of 1.203 Mev precluded the 
possibility that a small B"(d,a)Be™ alpha-group might 
be hidden under the O'*(d,a)N™ group at 1.510-Mev 
bombarding energy. From 1.510- to 1.203-Mev bom- 
barding energy, the O'*(d,a)N™ group shifted 40 kev 
more than would a possible B"(d,a)Be™* group. Since 
the half-width of the O'(d,a)N™ group was 40 kev at 
1.510-Mev bombarding energy, a small B"(d,a)Be™* 
group would have been resolved from the O'*(d,a)N™ 
group at 1.203-Mev bombarding energy. 

The above results indicated that the assignment of 
the 3.42-Mev alpha-group to the reaction O'*(d,a)N™ 
was correct. It was concluded that both boron targets 
contained an appreciable amount of oxygen, the natural 
boron target containing the greater amount. 

Except for the O'*(d,a)N™ and the two B"(d,a)Be® 
groups, no other definite group of alpha-particles ap- 
peared in the survey shown in Fig. 1. The background 
between peaks observed from the natural boron target 
could be accounted for partially by the continuous dis- 
tribution of alpha-particles from the B'°(d,a)2a reaction 
from the 19 percent of B' in the target. The remainder 
of the background is considered to come from a certain 
amount of alpha-particle contamination on the nuclear- 
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track plates, which cannot be completely eliminated 
from the counting of the track-density distributions. 
However, this survey indicated that there were no addi- 
tional alpha-groups with an intensity greater than 0.1 
the intensity of the B"(d,a)Be* group corresponding 
to the 2.42-Mev level in Be®. The region of excitation 
of Be® covered in this survey was 0 to 5.0 Mev. 

The original survey of the B"(d,a)Be® reaction 
indicated that the alpha-group corresponding to the 
2.42-Mev level of Be® had a half-width of less than 30 
kev. However, the contribution of target thickness to 
this half-width was somewhat uncertain since the 
elastically scattered deuterons from the platinum 
backing of the target obscured the deuteron group scat- 
tered from the boron. To eliminate this difficulty, a 
target was prepared by evaporating natural boron onto 
a thin film of Formvar (containing oxygen and carbon). 
The spectrum of elastically scattered 1.510-Mev 
deuterons from this target is shown in Fig. 2. The 
deuteron groups scattered from B'’, B", and C” are 
clearly resolved. The intensities of the B'® and B" 
groups are very closely in the ratio of their isotopic 
abundance in natural boron. 

The deuteron group elastically scattered from B" had 
an observed half-width of 4.6 kev. To calculate the 
target thickness for the B"(d,d)B" reaction, it was first 
necessary to subtract the energy spreads caused by the 
finite solid angle of observation and the geometry of the 
slit arrangement. As a result, the target thickness was 
calculated to be 2.8 kev for the B"(d,d)B" reaction and 
4.5 kev for the B"“(d,a)Be™ reaction. : 

The B"(d,a)Be* alpha-group observed from the 
same target at 1.510-Mev bombarding energy is shown 
in Fig. 3. This alpha-group had an observed half-width 
of 14.8 kev. Correcting this energy spread for the finite 
angle of observation, the half-width was reduced to 
11.4 kev. Before an upper limit for the natural half- 
width of this group could be made, an estimate was 
required of the energy spread due to the distribution of 
beam on the target and the aberration of the 180-degree 
focusing action of the annular magnet. With the im- 
proved stabilization of the annular magnet, the nar- 
rowest half-width observed from a reaction where the 
target thickness was negligible had an energy spread of 
0.20 percent after correction for the finite solid angle. 
Most of this spread could be attributed to the distribu- 
tion of bombarding deuterons on the target. This 
distribution had a half-width of 0.6 mm, resulting in an 
energy spread of 0.16 percent. 

The above energy spread of 0.20 percent would con- 
tribute 9.2 kev to the half-width of the B"(d,a)Be* 
peak. Subtraction of this energy spread and the con- 
tribution due to target thickness left an upper limit of 
5 kev for the natural half-width of the B"(d,a)Be™* 
alpha-particle group. The upper limit of the natural 
half-width estimated in this way is probably determined 
by instrumental factors. 

The targets used for the original survey of the 
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B"(d,a)Be® reaction had been subjected to long beam 
bombardments. From previous experience, it had been 
found that Q-values calculated for (d,a) reactions from 
such targets were often of the order of 20 kev too low 
because of a thick surface layer of carbon that evidently 
increased with bombardment. In order to eliminate this 
effect, the Q-values for the two B"(d,a) alpha-particle 
groups were measured from freshly prepared targets 
that had not been previously bombarded. The Q-values 
were calculated to be 8.0180.007 and 5.596++0.006 
Mev, respectively, corresponding to the ground state of 
Be® and an excited state at 2.422+-0.005 Mev. Both of 
these Q-values are an average of two independent 
measurements which agreed to better than 7 kev. The 
corrections previously described have been applied to 
these Q-values, the total corrections being —4.7 and 
—4.1 kev, respectively. The major part of these cor- 
rections, about 80 percent, came from the small devia- 
tion from 90 degrees of the median angle of observation. 
The probable error on this correction was only one-sixth 
of the correction itself. 

The magnetic spectrometer used for these experi- 
ments was not designed for the accurate measurement 
of relative intensities of various particle groups. In most 
cases, the groups to be compared were recorded on 
different nuclear-track plates, and it was necessary to 
assume that the experimental conditions had not 
changed. However, it was found that the yield of a 
given particle group from the same target can usually 
be reproduced to better than a factor of 2. The observa- 
tion of the deuteron group scattered elastically from the 
B" nuclei of the natural boron target, as shown in Fig. 3, 
permitted a comparison of the yield of the B"(d,d)B" 
process with the yields of the two B"(d,a)Be® groups. 
At 1.510-Mev bombarding energy the observed relative 
intensities of these groups were as follows: 


B"(d,a)Be*: B"(d,a) Be*: B"(d,d)B" = 1.0:0.6: 12. 


These relative intensities have reproduced several times 
to better than 20 percent. 

In addition, the elastic scattering of both protons and 
deuterons from B!° was observed. At 1.510-Mev bom- 
barding energy, the observed relative intensities of the 
various scattering processes were: 


B"(d,d)B": B!°(d,d) B®: B’°(p,p) B!= 1.0: 1.1: 1.8. 


These values cannot be considered to be reliable to 
better than a factor of 2. If one assumes Rutherford 
scattering for 1.510-Mev protons scattered from B" at 
a laboratory angle of 90 degrees, it is possible to estimate 
the differential cross section for the B'°(p,p)B"° process 
as 57 millibarns per atom per steradian. After applying 
a correction for the solid angle of observation in center- 
of-mass coordinates, the differential cross sections for 
the B"(d,a)Be® and B"(d,a)Be™* reactions are calcu- 
lated to be 2.6 and 1.6 millibarns per atom per steradian. 
The accuracy of the differential cross sections calculated 
by this method cannot be stated, since the validity of 
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Fic. 3. B"(d,a)Be™* alpha-particle group observed from a 5-kev 
natural boron target on Formvar. 


assuming Rutherford scattering is not known. It is 
probable that this assumption may be considerably in 
error, but it provides a convenient way of expressing the 
observed intensities. 


IV. CONCLUSIONS 


The results of this investigation indicate that a 
previously unreported B"(d,a)Be™ alpha-particle group 
has been observed, corresponding to an excited state of 
Be® at 2.422+0.005 Mev. The reason that this group 
was not previously reported is probably because of its 
close proximity to the alpha-particles from the reaction 
C#(d,a)B". The position of this excited state is in 
agreement with the values of 2.41 Mev! and 2.39--0.05 
Mev’ previously reported from inelastic proton scat- 
tering. The differential cross section for this alpha- 
particle group is of the order of 2 millibarns, of the same 
magnitude as the differential cross section of 3 milli- 
barns reported by Davis and Hafner' for the inelastic 
scattering of 4.5- and 7.1-Mev protons leading to the 
same excited level. 

No indication has been found to indicate that other 
states of Be® from 0 to 5 Mev are excited by the 
B"(d,a)Be™* reaction. This result is in accord with the 
results of Davis and Hafner! from inelastic proton 
scattering. Recently, the inelastic scattering from beryl- 
lium of 14-Mev deuterons has been investigated by the 
M.I.T. cyclotron group.” Only one inelastic deuteron 
group was found, corresponding to an excited state of 
Be’ at 2.4+0.3 Mev, with no indication of other excited 
states from 0 to 5 Mev. There is therefore no evidence 
from these investigations that any other state of Be® 
from 0 to 5 Mev, except the 2.42-Mev state, is excited 
by the Be*(p,p’), Be%(d,d’), and B"(d,a) reactions with 
an intensity greater than 0.1 to 0.2 the intensity of 
the 2.42-Mev excited state. The above results are 


% Preliminary measurements, M. I. T. Cyclotron Group. 
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Fic. 4. Energy-level diagram for Be®. Energies in Mev. 


included in the energy-level diagram for Be®, shown in 
Fig. 4. 

As has been mentioned, it has been proposed that the 
ground state and the 2.4-Mev excited state of Be® may 
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be doublets. The observed half-widths of the B"(d,a) 
alpha-groups, corresponding to these two states of Be®, 
were 20 and 15 kev, respectively. Neither group showed 
any indication of doublet structure. Analysis of these 
results indicates an upper limit of 12 and 7 kev for the 
spacing of possible doublets in the ground state and 
2.42-Mev excited state of Be*, assuming the doublet 
members to be of about equal intensity. 

The upper limit of the half-width of the B"(d,a)Be* 
alpha-particle group was calculated to be about 5 kev, 
corresponding to an upper limit of 7 kev for the natural 
half-width of the 2.42-Mev excited state of Be*. This is 
considerably smaller than the 100-kev. upper limit re- 
ported by Davis and Hafner.' This excited state is virtual, 
being 0.75 Mev above the threshold for neutron emis- 
sion. The narrow half-width of this level indicates that 
neutron emission is improbable and that the state may 
decay mainly by the emission of gamma-radiation. This 
result may account for the fact that the 2.42-Mev 
excited state of Be® has not been observed from the 
Be*(y,#) Be® reaction. 

We are indebted to Mrs. Cecilia Bryant, Mrs. Hester 
Sperduto, and Mr. W. Tripp for their assistance in 
measuring the track-density distributions of the nuclear 


track plates. 
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A detailed and statistical study of high energy events in nuclear emulsions exposed at high altitudes has 
given some information on a model to describe the showers found in cosmic rays. There is evidence shown 
that shower multiplicity increases with primary energy. Differences in the behavior of events from heavy 
and light nucleus collisions are described. From multiplicity and angular spread of the tracks in individual 
events, arguments are presented to support a pluromultiple model for meson production in high energy col- 


lisions with a nucleus. 





I. INTRODUCTION 


HE study of cosmic rays by various methods has 
revealed the occurrence of nuclear interactions 
wherein many secondary particles of very high energies 
are ejected, apparently from the: collision of an in- 
coming particle with some nucleus. These secondary 
particles are emitted more or less collimated in a 
direction opposite to the incoming particle (if such is 
visible). In some instances the secondary particles have 
been identified as mesons.’ With the evidence for 
meson production from nuclear collisions obtained with 
the cyclotron at Berkeley,’ it seems reasonable that 
these high energy showers involve the production of 
mesons. The development of very sensitive nuclear 
photographic emulsions has made possible the recording 
of these high energy showers and the detection of all 
charged particles, incoming and emitted.® 
The purpose of this experiment is to study such 
events from a statistical basis and in detail to provide 
information for a satisfactory model to explain these 
events. 


II. EXPERIMENTAL PROCEDURE 


Eastman NTB3 photographic plates were used in 
the experiment. The plates were exposed on balloon 
flights carried out by the Cosmic Ray group of Brook- 
haven National Laboratory. The data were acquired 
from four flights at three different geomagnetic lati- 
tudes, 31°, 48°, and 57°. In all these flights the balloons 
ascended to an altitude of about 90,000 feet (15 g/cm? 
of air) and remained there between four and six hours. 
The rise time was about 2 hours, the descent 1 hour. 
The plates were mounted so that the vertical was 
included in the plane of the emulsion. There was no 
appreciable material placed over them. 

The plates were scanned and all nuclear events 
recorded. The tracks in a star were further classified by 


7 ~ # Support rted by the joint program of the ONR and AEC. 
E. Hayward, Phys. Rev. 72, 937 (1947) 
* Rochoner Butler, and Runkoron, Nature oy 227 (1947). 
3G. D. Rochester, Revs. Modern Phys. 21, 20 (1949 ). 
40. Piccioni, Phys. Rev. 77, (1950); 77, 6 (1950). 
‘E. Gardner and C. M. G. Lattes, Science 107, 270 (1948). 
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their specific ionization (grain count) into the following 
sets corresponding to energy ranges of a singly charged 
particle: 


‘“Minimum”—energy>0.5 mc’. 

“Near minimum”—energy>0.1 mc?, <0.5 mc’. 

“Medium”—energy <0.1 mc’. 

“Heavy”—specific ionization greater than that of a 
singly charged particle of any energy. 


Additional measurements were made on stars which 
showed high minimum track multiplicity. A microscope 
provided with a tilting stage was used to measure the 
direction angles of the tracks with respect to the vertical 
and the plane of the emulsion; the tilting stage allowed 
easy location and measurements on each minimum 
ionizing track. The angle with respect to the emulsion 
plane was corrected for the emulsion shrinkage during 
development. When a long near-minimum track was 
found, a scattering measurement was made to determine 
the mass of the particle. The heavy tracks were ex- 
amined to determine their charge. If these tracks ended 
in the emulsion, it was possible to use the methods sug- 
gested by Bradt and Peters.’ When the track left the 
emulsion, it was possible to establish the minimum 
charge it could have by comparison with tracks of 
known Z. 


Ill. STATISTICAL ANALYSIS OF ALL STARS 


By adding the total recognizable charge, Z min, 
carried away by low energy particles (heavy and 
medium tracks) one obtains an estimate of nuclear 
charge “boiled off” from the residual excited nucleus. 
If one examines the stars with 4 or more emitted 
minimum tracks, it appears that the values obtained 
for Z min fall into two groups, large and small Z min, 
as shown in the histogram, Fig. 1. The emulsion of the 
plates is composed of elements of high and low A as 
shown in Table I. It is reasonable to suppose that the 
large or small “boiled-off” charge is an indication of a 
collision with a high A or low A nucleus; this con- 
clusion assumes that we must have charge production 
in the light nucleus events. This agrees with similar 
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Fic. 1. Histogram of the total charge carried by nonrelativistic 
particles in stars which show a cone of minimum ionizing particles. 


results obtained by Harding® and by the Brookhaven 
group.’° We obtain a ratio for the number of heavy to 
light nucleus events with 4 or more emitted minimum 
tracks of 2.8 (36 to 13). This compares with a total 
geometrical cross-section ratio of 2.5 expected from the 
composition of the emulsion. This agreement cotld be 
only approximately good, since events of 4 or more 
minimum tracks could be initiated by incoming par- 
ticles of different energy ranges in heavy and light 
nuclei. If we examine events with less than 4 minimum 
tracks, it is not always possible to judge an event as 
the product of a light or heavy nucleus collision. 

In stars showing collimation of secondary particles, 
it is possible to determine the existence of an initiating 
relativistic charged particle. For the stars with no col- 
limation, we have adopted the convention of classifying 
them as initiated by a relativistic charged particle if a 
track of minimum ionization is seen in the upper 
hemisphere. 

In Table II we have classified all the stars found in 
our plates at three latitudes. A comparison of the plates 
exposed at Cuba with those of the other flights shows a 
relative depletion in the classes of stars with 4 or less 
minimum tracks. We can explain this observation if we 
assume that stars of multiplicities less than about 5 are 
initiated by protons of energy less than that of the 
magnetic cutoff at Cuba (8 Bev). This same effect is 
possibly shown by comparison of the Pennsylvania and 
Minnesota plates; in this case a multiplicity of about 
unity corresponds to the cutoff in Pennsylvania. This 
evidence indicates that the higher energy primaries 
produce in general a high multiplicity of outgoing 
minimum tracks. If we take the primary energy cutoff 
in the vertical direction at 30° geomagnetic latitude as 
computed by Lemaitre and Vallarta!” at 8 Bev, we 
conclude that showers with greater than 5 relativistic 
particles are initiated by primaries of greater than 8 
Bev. These data show qualitative agreement with the 
results of other observers.!® ” 
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IV. ANALYSIS OF VERY HIGH ENERGY SHOWERS 


This section presents the details and final results of 
an experiment previously reported.“ We have selected 
16 of the highest multiplicity showers, 6 from the light 
nucleus collisions and 10 from heavy nucleus collisions, 
for analysis. 

The tracks are plotted on an angular coordinate 
system representing the surface of a sphere whose 
center is the star. Each track is represented on the plot 
by its point of emergence from the sphere. By using the 
celluloid plot made in the same way, one can measure 
directly the angle between any two tracks. Two such 
plots are shown in Fig. 2, for both a heavy and light 
nucleus collision. For each of these events we have 
found the mean latitude and longitude angle for the 
emitted minimum tracks; this point is the “center of 
gravity” of the points representing the minimum tracks 
on the plots. We define the “shower axis” as that direc- 
tion from the star represented by this point. This direc- 
tion will not necessarily be the extrapolated direction 
of the incoming particle; however, the convention allows 
consistent treatment of events with and without visible 
incoming tracks. 

We have measured the angle, ¥, which each track 
in the star makes with the shower axis. From these data 
we have also computed the average angle, J, for the 
minimum and near-minimui tracks for each event. The 
values of ¥ obtained if we had defined the shower axis 
as the direction of the incoming particle, wherever pos- 
sible, agree with those computed, within 10 percent 
(except for H1 where there is doubt that the backward- 
directed minimum track is indeed an incoming particle). 
This result is to be expected, since these two axes are 
separated by an angle sufficiently less than 9, and a 
small change in the position of the axis has only a 
second-order effect on the value of Y. A general idea of 
the angular divergences of these tracks is given by Fig. 
3, where we have plotted in a histogram the super- 
imposed angular distributions from all heavy and light 
nucleus showers. The plot for the heavy and medium 
tracks illustrates their spherical symmetry, thus leading 
to the explanation that they are “‘boiled-off” particles 
from a residual excited nucleus. In 4 of the light nucleus 
events there is a pronounced cylindrical asymmetry in 
the distribution of minimum tracks about the shower 
axis. The degree of this asymmetry is measured by 
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finding the average component of ¥, Ymax, along the @ NEAR-MINIMUM TRACK WITH ITS ENERGY IN MASS UNITS 


major axis of the distribution and Vein along the minor x INDICATES AN EXIT POINT ON THE BACK SURFACE OF SPHERE 
axis. The ratio, Jmax/Wmin, has been computed for these 
4 events. The data on each event are presented in Table 
Il. 

Eight “near-minimum” tracks were long enough to 
allow scattering measurements. These measurements 
were accurate enough to detect the scattering of a non- 
relativistic particle of 80 Mev or below. Thus, if a near 
minimum track (0.1< E/mc?<0.5) shows definite scat- 
tering, its mass must be less than 800 Mev/C*. Of the 
8 tracks measured, 7 showed no scattering, and one gave 
a mass measurement of 150 Mev+-50 Mev/C*. 



















Calculation on a Nucleon-Nucleon Meson- 
Producing Collision Model 


To interpret these data we have computed the ex- 
pected angular distribution if we assume the simple 
picture of a nucleon-nucleon collision producing mesons 
which come off in the center-of-mass system of the two 
nucleons with a total energy, ¢, and with an angular 
distribution given by some even power of sin@ or cos@. 
We assume also that all the energy available in the 
center-of-mass system is used to produce mesons which 















Taste II. Statistical survey of all events found in the nuclear 
emulsions for various geomagnetic latitudes. 









Table Ila 
Cuba (lat. 31°) 6.0 c.c. hours of exposed emulsion 


Number of outgoing minimum tracks 
210 59 4 3 2 1 
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Fic. 2. Shown here for comparison are two typical spherical 
4 #-meson events lots of a light (Fig. A) and heavy (Fig. 8) gutias shower Planes 
Table IIb ‘A shows the typical conical asymmetry exhibited by the cone of 
Pennsylvania (lat. 48°) 3.6 c.c. hours of exposed emulsion minimum ionizing particles in 4 of the 6 light nucleus showers. 
Incoming Struck Number of outgoing minimum tracks 
— mucleus 10 9 * 6 7 tt enables us to compute the maximum multiplicity, M, 
co heavy ke aie for a given collision. 
Minimum — ° + | 64) a 1 14 Fromthese assumptions we calculate ¥ for the emitted 
heavy tae Sea mesons in the laboratory system. The details of the 
Other = : wn een cae computation are given in the Appendix. In addition, a 
Total ¥s 4 5 6 158 2 77 Computation assuming a spectrum, de/e, with spherical 
3 x-meson events symmetry was made. The results are plotted in Fig. 4 
Table tle for various values of meson energy in the center-of-mass 
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16 -meson events The evidence that we are indeed observing meson 
production comes from an analysis of the light nucleus 
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collisions. The total charge (from all tracks) emitted 
in the 6 stars is 


Z=11, 13, 17, 15, 20, 22, 


compared with the charges of the light nuclei in the 
emulsion C, V, and O (Z=6, 7, 8). This charge creation 
would be most naturally attributed to meson pro- 
duction, though one cannot logically exclude the ex- 
planation that some other charged particle is created 
(say, electron pairs). Further evidence for charge 
creation is seen in the two heavy nucleus events H9 and 
H11; the charge observed is greater than the Z of the 
highest Z material, namely, Ag(Z=47). 

We can state further that the near-minimum tracks 
in these"showers are protons for the most part. This is 
indicated by the scattering measurement giving 7 
protons to 1 meson. In addition we find that there are 
156 events in our plates which produce 2 or more 
minimum ionization tracks (i.e., which represent a high 
energy collision), yet there are only 23 x-mesons (+ 
and —) ending in the emulsion. The geometry of the 
stack of plates represents roughly the range of a 50-Mev 
meson. Statistically, then, one finds less than one meson 
of energy less than 50 Mev for every 7 high energy 
events. Looking again at the light nucleus events the 
charge carried away by the nonminimum tracks is 


Z=9, 6, 8, 5, 5, 10. 


This corresponds roughly to the Z of the light nuclei. 
Therefore, we conclude that the minimum tracks are 
mostly mesons. These results have been ascertained by 
other experimenters.* 

To compare the observed events with calculations for 
the nucleon-collision model, we take the multiplicity 
and W of the minimum tracks as referring to the emitted 
mesons and compare these with our calculations (Fig. 4). 
We assume in this comparison that the mesons, if pro- 
duced by one encounter, are not scattered by additional 
collisions in the nucleus. The plot points out: 


(1) The angular dispersion of relativistic trackS decreases in 
general with multiplicity. 

(2) The events in light nuclei are not inconsistent with a single 
collision model. 

(3) The heavy nucleus events cannot be described by this 
model. is larger by a factor of about 2 from the computed value. 
This disagreement is difficult to reconcile by other assumptions 
about the energy and angular distribution of mesons in the center- 
of-mass system. A less inelastic collision aggravates the disagree- 
ment. It has been computed that if all the mesons came off so as 
to give the maximum angle in the laboratory system, the results 
would be just satisfied; but this is at the expense of eliminating 
front to back symmetry in the center-of-mass system. Of the two 
heavy nucleus collisions giving the lowest ¥, one is initiated by an 
a-particle, the other is too close to the emulsion surface to identify 
the initiating particle. It is not unreasonable to expect that an 
a-particle initiated shower of the same multiplicity would give a 
narrower cone of emitted particles. 


We conclude that these events cannot be described 


with a single collision model, particularly if we take into 
account further indirect evidence: 
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Fic. 3. These histograms show the superimposed angular dis- 
tribution for all stars in the three categories: minimum (E>0.5 
mc’) (Fig. A), near minimum (0.1 mc?< £<0.5 mc?) (Fig. B), and 
heavy and medium tracks (Fig. C). These are shown separately 
for the heavy and light nucleus events to show the greater col- 
limation for the latter. The spherical symmetry of the heavy and 
medium tracks lends credence to their identification as “‘boiled-off” 
fragments. 


(1) The average multiplicity of minimum tracks is greater for 
heavy than light nucleus events. 


12.6 
4, 


This indicates that the extra nuclear material of the heavy nuclei 
is involved in the process though not in the ratio of nuclear 
diameters, which is about 2 to 1. 

(2) The large number of near-minimum tracks (mostly protons) 
with forward collimation indicates multiple nucleon interactions. 


Heavy nuclei (9 showers): 
Light nuclei (6 showers): 


The other extreme model of successive collisions 
through the nucleus each producing one meson seems 
unsatisfactory. A measure of the maximum number of 
collisions is given by the number of particles which do 
not appear as “boiled-off” particles. We assume a like 
number of neutrons as protons in this category and 
take the average A for the light nuclei to be 14. This 
number, 14 minus 2Z min, corresponding to the maxi- 
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Taste III. Summary of data on each shower. 
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* The doubt occurs because of the star being near an emulsion surface. 


mum number of nucleons ejected in some collision, is for 
the 6 light nucleus cases: 6, 6, 6, 8, 4, and 6. On the 
other hand, the amount of excess charge produced is 
3, 5, 10, 10, 13, and 15. The last four cases indicate that 
more than one meson is produced per nucleon involved 
in the collision. In all this we have not conside.ed the 
additional possibility that neutral mesons are produced 
as well. 

As mentioned above, we have found a definite asym- 
metry in the cones of minimum tracks associated with 
light nucleus collision. To interpret this asymmetry we 
should inquire whether it is statistically significant. We 
may imagine the points of emergence of the minimum 
tracks on the sphere plots as points on a plane with a 
center at the shower axis. We define the “major axis” 
of the distribution as the line passing through the 
shower axis and the point farthest from the center. If 
cylindrical symmetry were expected, of the remaining 
points, there should be an equal population in the two 
quadrants bisected by the major axis, as in the two 
bisected by the minor axis. We have used this analysis 
on the six events, including the points from the two 
stars showing no asymmetry, and find 34 points in the 
major axis quadrants to 15 for the minor axis. By the 
laws of probability the chance that this or greater asym- 
metry is a statistical misfortune of a symmetric dis- 
tribution is 2.5 percent. These observations could be 
explained by assuming the cone to be produced by sub- 
sidiary cones of a primary plus secondary collision; 
however, our data cannot confirm such a speculation. 

To compare these results with those of other ob- 
servers, cloud-chamber pictures by Freier and Ney“ 
give the result that showers from heavy nuclei show a 
higher multiplicity of penetrating particles than those 
from light nuclei, though the average angular disper- 
sions are the same. This is in essential agreement with 


4 Phyllis Freier and E. P. Ney, Phys. Rev. 77, 337 (1950). 


our data as shown in Fig. 4. Evidence for pluromultiple 
meson production has also been found in large showers 
occurring in nuclear emulsions as seen by Kaplon et al.'® 
and LePrince-Ringuet ef a/.'* 
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Fic. 4. This plot shows the average dispersion angle, y, for the 
“minimum” tracks in each event vs the corresponding multi- 
licity. The heavy nucleus events are marked by a (X) and the 
light nucleus events by a (@). The lines give the predicted multi- 
olicity vs ¥ for a single completely inelastic nucleon-nucleon col- 
ision for various center-of-mass meson spectra: (1) monoenergetic 
mesons of total energy, a, in meson rest mass units: (2) a de/e 
spectrum. 


% Kaplon, Peters, ont Bradt, Ph 
6 Le rince-Ringuet, Bousser, 
and Morellet, Phys. Rev. 76, 1273 ao). 


ae 76, 1735 (1949). 
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The author is indebted to Dr. E. O. Salant and Dr. 
J. Hornbostel of the Brookhaven National Laboratory 
for making these plates available. He wishes to express 
his thanks to Dr. B. T. Feld for suggesting this experi- 
ment and contributing to the analysis of the data. The 
author wishes to express particular gratitude to Mrs. 
T. Kallmes and Mr. I. L. Lebow for help in scanning and 
analyzing the plates. 


APPENDIX 


We have calculated the average angle of dispersion for mesons 
emitted in the collision of two nucleons if the mesons are produced 
in the center-of-mass system of the two nucleons with a single 
energy and an angular distribution corresponding to the 2nth 
power of the sin or cos. 


8=velocity of meson in c-of-m system. 
Bo= velocity of c-of-m system. 

@=angle of meson emission in c-of-m system. 
y=angle of meson emission in laboratory system. 


We assume a distribution in the center-of-mass system 
if N(@)~cos*é sinédé, 
then, 
v= f" cos*6y(6) sinodo / f-" cos**0 sin6dé, 
(8) = tan [(1— Bo*)! sind/(8o/8)+cos6]. 


PHYSICAL REVIEW VOLUME 81, 


T. A. BERGSTRALH AND C. A. SCHROEDER 


This expression can be integrated exactly 
P= (x/2)+(x/2)(1/B0)(1/a1—ar)[G(er) =Glas)] o<B, 
Y= (%/2)(1/Bo)(1/e2—an)[G(a1)—G(as)] Bo>B, 

a, 2= (1/808) {1+[(1—Be)(1—- 9) F}, 


G(a) ~(-a+1)[am+to+ is Pe. 


-3---(2n—1) a ] 
2-4-+-2n (a?—1) 
We can find yf for a distribution, sin®@, from the corresponding 
cosé moments. For instance, 
H(sin*®) = 3[3(n =0) — H(cos*#) J. 

For the case »=0 (spherical symmetry) 
¥=[1—(1—8)"](1—Be)4 /8B0 Bo>B, 
Y=1—{[1—(1—Be)*]/860} Bo <B. 

To obtain the curves of Fig. 4, we have assumed various total 
energies, ¢, for the mesons in the center-of-mass system. Assuming 
then a given nucleon total energy, Uo, (laboratory system), we 
find the velocity of the center-of-mass, Bo, 

1—82=2Mce/(Uo+Me), M is the nucleon mass. 

We find the total energy available in the center-of-mass system 
and divide by the meson energy to obtain the multiplicity, Mo 
Mo=(2Me(U,+-Me)t§—2Me}/e, 
e=me/(1—#)'=ame, 

m= meson mass. 

The values of P for the de/e spectrum are obtained by an 
integration of the above expressions for y over the center-of-mass 
meson energy. The resulting curves of Mo vs W are shown in 
Fig. 4. 
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A Search for Cosmic-Ray Diurnal Effects at Balloon Altitudes 


T. A. BeRGsTRALH AND C. A. SCHROEDER 
U.S. Naval Research Laboratory, Washington, D. C. 


(Received September 25, 1950) 


In two balloon flights in Minnesota a search was made for diurnal effects in the cosmic radiation at 
altitudes above 50,000 feet. Measurements were made simultaneously of the total ionizing radiation, 
y-radiation in the energy range of approximately 0.75 to 5 Mev, and fast neutrons. The ionizing radiation 
and y-radiation component was measured by means of a central horizontal counter tube surrounded by a 
closely packed ring of horizontal counters. Coincidences between the central counter and the outer ring 
determined the ionizing radiation, while anticoincidences gave the intensity of the y-radiation. The neutron 
flux was measured by two BF; counters, one filled with enriched BF;, mounted side by side in a vertical 
paraffin cylinder eight inches in diameter surrounded by Cd. One flight was launched at 12:30 a.m. LCT 
and remained aloft until] 8:30 a.m. The other flight was launched at 6:00 p.m. and landed at 10:00 p.m. 
No diurnal effects were observed. The statistical accuracy of this measurement is on the order of 1 percent 
for the total ionizing radiation, 3 percent for the -y-radiation, and 2 percent for the neutron measurement. 


I. INTRODUCTION 


HE possible existence of a diurnal variation in the 
cosmic-ray intensity is of considerable interest, 

since it bears both on the matter of a permanent solar 
magnetic moment! and on the energy spectrum of the 
primary cosmic radiation. A solar magnetic moment of 
adequate magnitude to account for the apparent “knee”’ 
in the cosmic-ray latitude curve should also give rise 


1P. M. S. Blackett, Phil. Mag. 40, 125 (1949). 
* L. Jaénossy, Z. Physik 104, 430 (1937). 


to an appreciable diurnal effect.*4 Measurements of 
this effect may provide evidence to aid in the resolution 
of the present doubtful status of the solar moment. If 
the absence of a diurnal effect can be established, some 
other mechanism will be required to explain an energy 
cut-off at high latitudes. 

The relatively low energy particles of 3 Bev or less 
which would be affected by the solar field contribute 
very little to the intensity at ground level. These 


3M. Vallarta, Nature 139, 839 (1937). 
‘P. S. Epstein, Phys. Rev. 53, 862 (1938). 
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particles would also be excluded by the earth’s magnetic 
field at low latitudes. From this it appears that meas- 
urements at high altitude and at least intermediate 
latitude should be most favorable to the detection of 
this variation. 

We carried out a search for the diurnal effect at 
balloon altitudes in Minnesota (magnetic latitude 56°) 
in June of 1949, Identical equipment was carried in 
each of two balloon flights, the first of which was 
launched at 12:30 a.m. and remained aloft to 8:30 a.m. 
local civil time. The second flight was flown from 
6:00 p.m. to 10:00 p.m. local civil time. Measurements 
were made of the intensity of the total ionizing radia- 
tion, of gamma-radiation in the energy range 75 kev to 
5 Mev, and of fast neutrons. No diurnal variation was 
found in any of the three measurements. The statistical 
probable error for the total ionizing particle measure- 
ment was of the order of 1 percent, for the gamma- 
radiation of the order of 3 percent and for the neutrons 
about 2 percent. 


Il. EXPERIMENTAL APPARATUS 


Figure 1 shows the Geiger counter arrangement used 
for measuring the total ionizing particle intensity and 
the intensity of the gamma-radiation. This is similar 
to that used by Perlow® in rocket experiments. It 
consisted of a single horizontal counter (A) surrounded 
by a closely packed ring (B) of five counters in parallel. 
A particle penetrating the center counter resulted in a 


coincidence (A-B) between the center counter and the 
outer ring. An anticoincidence (A—B), in which the 
center counter was discharged but no counter in the 
outer ring was discharged, would result from a gamma- 
ray in the energy range 75 kev to 5 Mev approximately. 

Figure 2 shows a cross section of the neutron counter. 
The two proportional counters 1 and 2 were physically 
identical. Counter 1 was filled to 25 cm pressure with 
BF; enriched to 96 percent of B'°. Counter 2 was filled 
to the same pressure with normal BF;. The counters 
were sealed with paraffin into a removable aluminum 
cylinder as shown to provide for interchangeability of 
the counters. The large paraffin cylinder, 8 inches in 
diameter, was covered with sheet cadmium to stop 
thermal neutrons. The two counters, differing only in 
the concentration of B'®, were used to correct the 
neutron counting rate for spurious counts due to highly 
ionizing events not necessarily associated with neutrons 
in the energy range considered. Preflight calibration 
with a Ra-Be source was used to establish the ratio of 
the efficiencies of the two counters for neutrons. 
Actually, it proved unnecessary to make this correction. 

Output pulses from the Geiger counters were fed to 
diode coincidence and anticoincidence circuits. The 
(A-B) output of this circuitry was scaled by a factor of 
16 and the (A—B) output by a factor of 8. The propor- 


§ Perlow, Kissinger, and Schroeder, Phys. Rev. 76, 164 (1949). 
( — Schroeder, and Shipman, Rev. Sci. Instr. 18, 551 
1947). 


Fic. 1. Geiger counter 
arrangement for meas- 
uring total ionizing par- 
ticle intensity and the 
intensity of gamma- 
radiation. 


tional counter pulses were amplified and also fed to 
scaling circuits. A scale factor of 16 was used for the 
enriched BF; counter and a factor of 8 for the normal 
BF; counter. 

The counter data after scaling was totalized on 
four telephone message registers and time reference 
was provided by a clock. Ambient atmospheric 
pressure was measured by two mercury manometers, 
one having a range from zero to 10 cm, and the other 
calibrated over a range from 5 cm to 76 cm. A photo- 
graphic type thermometer was used to determine the 
temperature within the gondola. The entire instrument 
group was photographed with a 16-mm gunsight camera 
modified for continuous film motion. Exposures were 
made at approximately 20-sec intervals by flashing 
four bulbs mounted in a reflector. The time interval 
between exposures was set by a cam operated switch 
driven by the camera gear train. 

The entire equipment assembly including electronics 
and batteries was enclosed in a 30-in. pressure-tight 
aluminum sphere consisting of two hemispherical sec- 
tions spun out of 0.030-in aluminum. Prior to flight 
the sphere was covered with a two-inch blanket of glass 
wool to prevent excessive temperature changes. By 
this means the temperature inside the gondola was held 
within the range of 70° to 80°F during the entire flight. 

Both flights were made from Camp Ripley at Little 
Falls, Minnesota. Two 70-ft General Mills polyethylene 
cells were used to carry each experiment. The balloons 
and flight services, including tracking and recovery, 
were provided by Project Skyhook. Tracking of the 
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Fic. 2. Cross section of neutron counter. 
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Fic. 3. Intensity of ionizing particles and of gamma-radiation vs 
pressure for Flight 1. 


balloons was accomplished by means of theodolites and 

by a Radio sonde in conjunction with the radar. The 

Radio sonde also provided altitude data, but the 

pressure data from the mercury manometeys was used 
« for all calculations. 

Flight 1 was launched at 12:30 a.m., local civil time, 
on June 6. This flight climbed to an altitude of approxi- 
mately 55,000 feet and leveled off until sunrise, when 
heating of the gas caused a further slow ascent. The 
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Fic. 4."Intensity of fast neutrons vs atmospheric pressure 
for Flight 1. 


maximum altitude reached was 75,000 feet at 3.1 cm of 
Hg pressure. Data was obtained until 8:30 a.m. local 
time, and the equipment was dropped by means of a 
parachute. It was recovered immediately. 

The second flight was launched at 6:00 P.M. on 
June 18. It rose to an altitude of 85,000 feet before 
sunset, and almost immediately began a steady rapid 
descent reaching the surface at about 10:00 p.m. local 
time. Weather and tracking difficulties caused recovery 
of the equipment to be delayed for several days. The 
film record was recovered in good condition. 


SCHROEDER 


Tl. RESULTS 


The intensities of the three types of radiation which 
were measured are shown plotted as counting rates vs 
atmospheric pressure in Figs. 3-6. Figures 3 and 4 show 
the results for Flight 1, and Figs. 5 and 6 for Flight 2. 
The uncertainties indicated are the statistical probable 
errors. 

The data shown for Flight 1 covers a time period of 
seven hours, approximately 1:00 a.m. to 8:00 am., 
local time. During this entire period the balloon was 
ascending. The rate of ascent through the pressure 
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Fic. 5. Intensity of ionizing particles and of gamma-radiation vs 
atmospheric pressure for Flight 2. 


interval 6.0 cm to 3.1 cm Hg was very slow, requiring 
5 hours of the total period. Sunrise was approximately 
0412 when the balloon was at an altitude of 18.5 km. 
The curves for Flight 2 include data obtained over a 
3-hr period from 6:40 p.m. to 9:40 p.m., local time. 
Apparently because of a break in one of the balloons, 
this flight did not remain at peak altitude for any 
extended period but descended at a rate comparable to 
the rate of ascent. Data were obtained throughout the 
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. 6. Intensity of fast neutrons vs atmospheric pressure 
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TaBLe I. Data of Flight 1 corrected to constant pressure by 
means of the curves of Flight 2. The corrected counting rates 
are normalized to unity at the peak rate for each type of radiation. 
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Taste II. Comparison of counting rates for ionizing radiation 


at different times of day. Corrected for counter differences by 


means of ground calibration. 
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flight, and agreement between the counting rates for 
ascent and descent are satisfactory for all three meas- 
urements. Sunset occurred at approximately 1950 and 
an altitude of 21.5 km. 

Since the balloons did not remain at a constant 
pressure level, the data of Flight 1 were corrected to 
constant pressure by means of the curves of Flight 2. 
The corrected counting rate was normalized to unity 
and is shown in Table I. The uncertainties shown are 
the statistical probable errors. The maximum correction 
for pressure difference is 15 percent. During the time 
interval from 2:00 a.m. to 8:00 a.m. on June 6, there 
was no variation in any of the three measurements 
which could be ascribed to a diurnal effect. 

A comparison can also be made between the in- 
tensities of the ionizing radiation at widely separated 
times of day using ground calibration to correct for 
counter differences. Table II is a tabulation of the 
counting rates of ionizing particles for the two flights 
at an atmospheric pressure of 31 mm Hg, the maximum 
altitude reached by Flight 1, and at the Pfotzer maxi- 
mum. The ratio of the effective volumes of the two 
counters was found by ground calibration to be 1.01 
+0.01. No difference as great as 1 percent was found 
in the ionizing radiation intensity between 7:40 a.m. 
and 7:40 p.m., and between 4:05 a.m. and 7:24 P.m., 
local time. 


IV. DISCUSSION 


Dwight’ has recently published calculations on the 
expected magnitude of the diurnal variation. He 
assumed a power law spectrum for the incident cosmic 


7K. Dwight, Phys. Rev. 78, 40 (1950). 





of 90 percent of the full intensity.* For a solar magnetic 
moment of 10% gauss-cm’, he found that the vertical 
intensity should increase by about 7 percent between 
4:00 a.m. and 8:00 a.m., local time, at 56° magnetic 
latitude. Both the magnitude and the phase of the 
variation are sensitive to the value of the assumed 
magnetic moment. When this was reduced to 0.42 10™ 
gauss-cm‘, a decrease of approximately 4 percent in the 
vertical intensity between 8:00 a.m. and 8:00 P.M. was 
predicted. 

These calculations apply rigorously only to particles 
entering the earth’s field in the vertical direction. Our 
measurements accepted radiation from all directions. 
Malmfors® has shown that when low energy charged 
particles are emitted from a sphere into the field of a 
magnetic dipole their final direction is practically inde- 
pendent of the direction of emission over a very large 
range about the vertical. The inclusion of a large solid 
angle should not seriously affect the results of the 
measurement. 

The absence of an appreciable diurnal effect as 
indicated by these experiments places an upper limit on 
the value of the solar magnetic moment below that 
required for the latitude cut-off. Since no effect was 
noted in any radiation at the day-night line, the sun 
should not be a source of a significant portion of these 
radiations. 

We wish to acknowledge the aid of our colleagues in 
the Rocket Sonde Research Branch of the Naval 
Research Laboratory, and of the personnel of Project 
Skyhook at Minneapolis. We are especially indebted to 
Dr. G. J. Perlow for many valuable suggestions on this 
problem. 

§ Kane, Shanley, and Wheeler, Revs. Modern Phys. 21, 51 (1949). 


* Malmfors, Arkiv Mat. Astron. Fysik 30A, No. 12 (1944) and 
32, No. 8 (1945). 
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In glow discharges having a positive column with a constant emf and a series resistance, oscillations 
usually are observed in tube voltage, current, and light intensity. While current and voltage oscillations 
represent a modulation of only a few percent, the intensity decreases to zero between maxima in the positive 
column, but there is an appreciable steady component near the cathode. The intensity maxima move as 
positive striations toward the cathode, or as negative striations with a much higher speed toward the anode. 
Where positive and negative striations meet they stop for times up to 100 usec. 

The oscillations are often very stable and repeat themselves without change for hours. Often several 
modes exist and the discharge moves back and forth between them and appears unstable. 

The data presented in this paper were obtained chiefly from argon discharges although similar phenomena 
occur in most other gases over a great range of pressure and current. A discussion of the mechanism pro- 


ducing the phenomena is given. 





I. INTRODUCTION 


[8 the direct current glow discharge through gases at 
low pressures, the simplest conditions which can 
prevail are usually taken to be those in which the 
positive column is homogeneous, and the current is 
constant. It is well known that such conditions are not 
always met, and considerable study has been made of 
oscillations of several types which have been detected 
in “direct current” discharges. These include the high 
frequency oscillations of electrons in the space charge 
plasmas, the moving striations in rare gas and mercury 
vapor glows and arcs, and low frequency electrical 
oscillations which have been associated with these 
striations in a few cases. However, the information 
concerning these oscillations in the literature is rather 
fragmentary, and they have remained among the least 
well understood phases of the subject of electrical dis- 
charges in gases. 

This is true even in the case of the moving striations 
in the positive columns of rare gas and mercury vapor 
glow discharges which were discovered by Abria! in 1843. 
A summary of the information which has been obtained 
since then can be found in any of the standard treatises 
on gas discharges? or in the review of Druyvestyn and 
Penning.’ The study of the striations themselves has 
been made chiefly by means of rotating mirrors or by 
rotating cameras,® although Pupp,’ who has made a 

* The work of this paper was carried out under ONR auspices. 
The results were distributed in 1948 as Technical Report No. 1 
of this project. Many details not given in the present paper may 
be found in the report. The results were communicated to the 
Conference on Gaseous Discharges held in Brookhaven, October 
27-29, 1948. 

t Revised mae” = received July 31, 1950. 

*J. J. Thomson, Phil. Mag. 18, 441 (1909). This paper has a 
complete bibliography of the very early work in this field. 

2A. v. Engel and M. Steenbeck, Elekirische Gasentladungen 
(Julius Springer, Berlin, 1933). 

*L. B. Loeb, Fundamental Process of Electrical Discharge in 
Gases (John Wiley and Sons, Inc., New York, 1939). 

4J. J. Thomson and G. P. Thomson, Conduction of Electricity 


through Gases (Cambridge University Press, London, 1933). 
5 M. J. Druyvestyn and F. M. Penning, Revs. Modern Phys. 12, 


87 (1940). 
*F. W. Aston and T. Kikuchi, Proc. Roy. Soc. 98, 50 (1921). 


T. Kikuchi, Proc. Roy. Soc. 99, 257 (1921). R. Whiddington, Na- 


rather extensive study of these phenomena, used also a 
photo-cell in conjunction with a cathode-ray tube to 
obtain a record of the fluctuations of light intensity 
caused by the striations. Electrical oscillations ac- 
companying the moving striations were the subject of 
investigations by Appleton and West and by Fox.*® 

Owing to the difficulty of obtaining very precise or 
detailed information from the instruments available for 
all this work, it was not possible to set forth a satis- 
factory explanation for the moving striations.? As a 
result they have never really acquired a stature beyond 
that of a mere curiosity, a manifestation perhaps of a 
somewhat abnormal situation. 

It should also be remarked that almost the same 
might be said for another example of inhomogeneity in 
the positive column—the case of the standing striations 
which appear for certain ranges of pressure and current 
in discharges through diatomic gases. There are many 
more experimental data for these striations than for 
the moving striations.’° But again a theoretical explana- 
tion is lacking. In particular, no relationship has even 
been discovered between moving striations and those 
of the stationary type. 

Recently, during a survey in this laboratory of short 
period phenomena in a large number of gas discharges 
of various types, it became apparent that oscillations 
are much more common in gas discharges than seemed 
to have been realized." In fact, so seldom were they 
absent that it seems quite likely that any theory of 
discharges which neglects them is defective in some 
essential way. Therefore, a program to study these 
oscillations as thoroughly as possible under controlled 


ture 116, 506 (1925); 126, 467 (1929). B. v. hoo gn Physica 1, 
34). A 


968 (19. A. H. v. Gorcum, Physica 2, i (19. 

7W. Pupp, Physik. Z. 33, 844 (1932); 35, 705 (1934); 36, 61 
(1935). 

8 E. Appleton and A. West, Phil. Mag. > 879 (1923). G. W. 
Fox, Phys. Rev. 35, 1066 (1930) ; 37, on oe 32). 

*See for example the remarks of Druyvestyn and Penning, 
reference 5, page 169, or of Loeb, reference 3, ipase 573. 

10 Druyvestyn and Penning, reference 5, p. 

1 Dieke, Loh and Crosswhite, J. Opt. rh ‘ie "36, 185 (1946). 
H. Y. Loh and G. H. Dieke, J. Opt. Soc. Am. 37, 837 (1947). 
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conditions seemed desirable and promising. The applica- 
tion of photo-tubes and the oscillograph to the problem 
offered a promise of gaining more complete information 
about these oscillations than any technique previously 
used. 

The following paper is a report of results obtained in 
this study for a number of dc glow discharges. In the 
earlier survey referred to, ac had been used as a matter 
of convenience and because during the ac cycle insight 
can be had into various transitory and break-down 
phenomena which are not readily observed with dc. 
But it is, of course, desirable to study the discharge 
under the simplest and most easily evaluated conditions. 
These surely obtain when the discharge is through a low 
pressure gas enclosed in a glass tube and driven by 
constant batteries. Then, if ever, one should expect a 
steady time independent discharge. 


Il. EXPERIMENTAL TECHNIQUE 


The experimental arrangement is shown in Fig. 1. 


The glow discharge is maintained by a bank of bat- 
teries B or by a regulated rectifier power-supply in 
series with a variable resistance R. The discharge tube 
T is mounted horizontally. Riding beside it on a rack 
and pinion is the electron multiplier tube P (type 931-A 
or 1P28) in its housing. Light from a narrow region of 
the glow is admitted to the sensitive surface of the 
photo-tube through a narrow slit. Various methods for 
selecting light from the discharge tube have been used. 
Sometimes a second slit, almost touching the discharge 
tube, is placed about 2 cm in front of the slit on the 
photo-tube housing. A lens or mirror has also been used 
to focus an image of the discharge on the photo-tube 
slit. All of these schemes give practically the same 
results. Output currents from the photo-tube circuit 
flow through a resistance Y at the input terminals of an 
oscillograph. Thus the pattern on the cathode-ray tube 
screen gives the light output near a selected point in 
the glow discharge as a function of time. 

The discharge voltage can be studied as a function of 
the time merely by bringing leads directly from the 
electrodes to the oscillograph (i.e., opening K, and 
closing Kz. In a similar manner the current at any 
point in the circuit can be studied in terms of the 
voltage variation across a properly chosen series 
resistance. 

Figure 2 shows the results observed in a typical case 
(discharge in Hg vapor in the presence of 4 mm argon). 
Oscillations in the light intensity and the tube voltage 
were observed for all values of the current used (from 
a few tenths of a milliampere to about 60 ma). Often 
the fluctuations had the disordered appearance of Figs. 
2A and 2B. Under such conditions the positive column 
seemed to contain striations which jumped about with 
great disorder and rapidity. But often the fluctuations 
are quite definitely periodic (Figs. 2C and D). The 
positive column appears then quite steady and homo- 
geneous to the eye. 
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There is a very essential difference between the oscil- 
lations in the tube voltage and in the light intensity. 
The voltage fluctuations represent a modulation of a 
few percent (e.g., in the example of Fig. 2 the amplitude 
of the oscillations is 5 volts when the tube voltage is 
about 200 volts). The intensity fluctuations on the 
other hand represent a 100 percent modulation; i.e., the 
intensity is zero or very nearly so in the minima. In the 
ordinary oscillograph traces such as those of Fig. 2 this 
difference is not apparent as the amplifier in the oscil- 
lograph suppresses the dc component. The zero line can 
be brought out by applying the signal directly to the 
deflection plates or through a dc amplifier. The same 
result can be also achieved by interposing an electronic 
switch between signal and oscillograph (see e.g., Figs. 
4, 5, 6). 


Ill. OSCILLATIONS AND MOVING STRIATIONS 


That the oscillations mentioned above are closely 
related to moving striations is apparent from the fact 
that voltage and intensity oscillations always have the 
same frequency and always become erratic and regular 
in the same way. This shows that the two types of oscil- 
lations are different manifestations of the same phe- 
nomenon. 

The voltage fluctuations can thus be used to trigger 
the driven sweep of the oscillograph (e.g. DuMont type 
248 A) which means that the sweep will always begin 
at the same instant of the cycle. The phase of the 
intensity oscillations are then observed to depend on 
the point in the tube from which the light comes. In 
Fig. 2F the point of observation is 0.34 cm closer to the 
cathode than in Fig. 2E. The pattern is clearly retarded 
by the time distance between two successive markers; 
ie., 100 usec. This indicates that the intensity wave 
travels from the anode to the cathode with a speed of 
about 34 m/sec and these traveling waves are called 
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Fic. 1. Diagram of the discharge tube and photo-multiplier 
tube circuits. 


B: Bank of twenty-five or more dry batteries, 45 volts each. 
R: Variable resistance, maximum value 42,000 ohms. 

M: Milliammeter. 

T: Discharge tube. 

P: Electron-muitiplier phototube. 

Ki, Kz: Switches. 
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Fic. 2. Voltage and light intensity oscillations in a dc mercury 
vapor-argon glow discharge. The argon pressure was 4 mm. The 
sweep-length is 1000 us with markers every 100 us for A, B, E, 
and F, 

A: Light intensity 4.83 cm from anode; current, 6.00 ma. 

B: Voltage oscillation; magnitude 7 volts for same conditions as A. 
C: Light intensity 11.60 cm from anode; current 6.00 ma. 

D: Voltage; amplitude of sharp rise 5.72 v for same conditions as C. 
In C and D the sweep-length is about 3500us. 

E: Light intensity $5.70 cm from anode; current, 5.12 ma. 

F: Light intensity 6.04 cm from anode; same conditions as EZ. 


The frequency in E and F is 1333 sec. 


moving striations. The frequency of the oscillations at a 
fixed point in the example of Fig. 2E-F was 1300 sec 
which means that the wavelength, i.e., the distance 
between successive maxima is (Av=v) 2.55 cm. 

The method of study used chiefly for this paper is to 
observe the intensity pattern at one point in the dis- 
charge, then to observe the same thing at a neighboring 
point and to repeat this until the whole length of the 
tube has been covered. It is essential, of course, that 
the discharge conditions remain constant during the 
whole procedure. Fortunately this can be monitored 
with relative ease as the character of the oscillations is 
very sensitive to small changes in the discharge con- 
ditions. After the data have been obtained for one set 
of conditions the discharge parameters like current and 
pressure can be changed and the discharge analyzed in 
the same manner for the new conditions. 

It seems desirable to study the moving striations and 
their associated electrical phenomena under as simple 
conditions as possible. These probably prevail in a 
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monatomic gas and for this reason the glow discharge 
in argon will be discussed in some detail. We had 
available four cylindrical tubes” of equal dimensions 
filled with argon at pressures of 2.1 mm, 4.4mm, 12 mm, 
and 30 mm respectively. They were made of Pyrex, 15 
mm in diameter. The electrodes were small zirconium 
cylinders of square cross sections with 5 mm sides. The 
distance between the electrodes was about 42 cm. 

We shall take as a typical example the argon dis- 
charge at 12 mm pressure which shows most of the 
interesting phenomena. After this, attention will be 
called to the differences observed at the other argon 
pressures. Phenomena observed in other gases like Hg, 
He, Ne, Kr, Xe, He, and air will only briefly be men- 
tioned although examples from such discharges will be 
used occasionally to illustrate some point. 


IV. OSCILLATIONS IN ARGON AT 12 MM PRESSURE 


Figure 3 shows the ordinary dc characteristic of the 
discharge, i.e. the tube voltage against discharge 
current, both measured with an ordinary dc instru- 
ment. The character of the oscillations (stability, fre- 
quency, velocity of propagation, etc.) was observed as 
function of the current over the range 10-200 ma. 

Figure 3 gives also the observed frequency of the 
oscillations. It is immediately apparent that the various 
values do not lie on one continuous curve. When the 
current is increased the oscillations may become 
unstable and with further current increase, or some- 
times even after a suitable waiting period at the same 
current, the oscillations become stable again but with 
a markedly different frequency. We have thus several 
modes of oscillations. Six such modes are indicated in 
Fig. 3. For some values of the current several modes can 
exist. Which one is in evidence at a given time depends 
on the previous treatment of the tube, e.g. whether a 
particular value of the current was reached by in- 
creasing or decreasing the current. Sometimes the tube 
moves back and forth between two different modes and 
a confused picture arises as in Fig. 2A and B. After 
some time the tube usually will settle on a definite 
mode. For other current values stable oscillations ap- 
parently do not exist under any conditions. Regions in 
Fig. 3 where no frequencies are indicated are such 
regions of instability. There are values of current and 
pressure (not, however, in the range of Fig. 3) where the 
discharge is entirely free from oscillations (see Figs. 
4G and 4H). 

Figure 4 shows that the intensity pattern may be 
quite different for different modes. Figures 4A and 4B 
represent mode III, 4C mode VI, and 4D mode VII. 
The wave form of the intensity pattern may also change 
considerably when different parts of the tube are com- 


12 We are indebted for these tubes to the late Dr. A. C. Rentschler 
of the Westinghouse Research Laboratories at Bloomfield, New 
Jersey. Owing to his cooperation a great deal of delay was avoided 
at a time when facilities for constructing such tubes were not yet 
available in our own laboratory. 
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pared. It is usually more or less the same all through the 
positive column but changes very greatly in character 
in the parts near the cathode. A study of this behavior 
reveals valuable clues to the nature of the mechanism 
which produces the moving striations. 


V. ANALYSIS OF THE MOVING STRIATIONS 


The low current modes, particuiarly modes I and III 
of Fig. 3, in argon at 12 mm reveal some of the charac- 
teristic properties of the striations. 

There were faint but definite stationary striations 
visible in the part near the cathode at the low currents 
whenever the oscillations were stable. The separation 
d, of the stationary striations was related to the distance 
\ between the moving striations by 


A=nd,, 


where m was an integer, usually one or two. The moving 
striations cross the standing striations. They are 
broad and move relatively slowly in the bright parts 
and are much sharper and move faster in the minima of 
the standing striations. Tables I and II give some of 
the properties of these striations. Let us look at mode I 
at a current of 19.20 ma through the tube. The ap- 
pearance of the discharge is as follows. The distances 
are measured from the cathode. 


Cathode glow 
Cathode dark space 
Negative glow 
Faraday dark space 
Positive column 


0.22 cm 
0.70 
1.60 
2.05 
2.42 


Figures 5 and 6 show the appearance of the oscilla- 
tions at various distances from the cathode. The varia- 
tion of the curves with position is quite striking as is the 
complexity of the pattern. 

We shall call each of the maxima visible on these 
traces a “‘striation.” From the time scale on each trace 
the moment can be determined at which this particular 
striation reaches the spot of observation. From an in- 





of oscillations 


Fic. 3. Total discharge voltage © and frequen 
at 12 mm 


x as functions of the current for an argon glow di 
pressure. 

















Fic. 4. Voltage and intensity oscillations in argon at 12 mm and 
30 mm pres, Time markers are 100 us. In C, D, E, F, 
and G the lower trace is the line of zero intensity provided by an 
electronic switch. 

12 mm pressure 
Voltage oscillation at 31.0 ma. 
Light intensity 20 cm from cathode at 31.0 ma; frequency, 1866 sec, 
Light intensity at 114 ma; frequency, 1470 sec 
Light intensity at 195 ma; Se. 2 OR a 


Light intensity 25.2 cm yromny pm me ng at 95.2 ma; frequency, 2600 
sect, 

Light intensity 25.2 cm from cathode at 144.0 ma; frequency, 2460 
podin= 


Light intensity 25.2 cm from cathode at 150.0 ma. 
Light intensity 25.2 cm from cathode at 270.0 ma. 


RQ > B® Sop 


spection of the figures it is obvious that there are 
several striations of different character passing the spot 
of observation during each cycle. By comparing a whole 
set of pictures taken at different parts of the tube it is 
possible to trace the movement of each striation through 
the tube. A particular striation will not only move 
along the tube but may change its amplitude and shape 
as it moves along. 

The results of such analysis are summarized in Fig. 7. 
The abscissa is plotted as the distance of the place of 
the observation from the cathode, and the ordinate as 
the time when a particular maximum passes this spot. 

The neighboring spots can be connected by a curve 
and this curve represents the motion of a particular 
striation. 
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Taste I. Stationary and moving striations in argon at 12 mm. 








Mode 


(see Speed 
Fig. 3) 


(m/sec) 


25-42: 
56-62 
55-62 
53-70 


Current 


Frequency 
(ma) (sec™) 





31.0 Il 
25.4 I 
24.9 I 
19.35 Ii 








TABLE II. Speed of moving striations in and between stationary 
striations argon, 12 mm, 31.0 ma. 





Moving striations 





Frequency (v): 
Separation (A): 
Average speed (v av): 


1866 sec 
1.88 cm 
35.2 m/sec 


Stationary striations and measured speed of moving striations 
Minima Maxima 
Position Speed 

(cm from anode) (m/sec) 
11.98 40 
12,92 42 
13.86 40 
14.80 47 
15.74 


Position Speed 
(cm from anode) (m/sec) 
12.35 29 
13.29 30 
14.23 26 
15.17 28 








As the frequency of the oscillations is 2438 sec~? the 
period is 410 wsec. The figure has, therefore, a strict 
periodicity in the vertical direction with a period of 410 
usec. If extended toward the right the figure would 
show an approximate periodicity in the horizontal 
direction, less rigorous than the time periodicity, 
throughout the positive column. 

Figure 7 shows that there are two types of striation. 
The curve of one type slopes up toward the left. This 
means that these striations move from the anode 
toward the cathode. The slope is considerable which 
implies a moderate velocity of propagation which is, 
moreover, not constant (from 33 to 350 m/sec with an 
average value of 65 m/sec). This type of striation we 
call positive striation. This is the type of moving striation 
observed before in many cases. It is marked with a dot 
over the maxima in the oscillograms of Figs. 5 and 6. 

The other type of striation, here called negative 
striation, moves from the cathode toward the anode. Its 
velocity is much faster than that of the positive stria- 
tion. The negative striations never seem to have been 
observed before. All those not marked with a dot in 
Figs. 5 and 6 are negative striations. 

Obviously the positive striation is a positive space 
charge, the negative striation a negative space charge, 
which move in the appropriate direction’in the electric 
field which exists within the discharge tube. Presumably 
the negative charge consists of electrons and because of 
its high mobility can move faster than the positive 
space charge consisting of positive ions. We must, 
however, consider also the possibility of neutralization 
at the trailing edge of the positive space charge and 
fresh ionization"on the leading edge as a mechanism for 
motion, in which thus the individual ions do not neces- 
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sarily move with the same velocity as the center of the 
space charge. 

Whenever a positive striation and a negative striation 
meet, they neutralize each other and there is then a true 
plasma formed with the field strength very small. We 
observe then for a time interval varying here from 20 to 
close to 100 usec no motion at all. After this interval a 
negative and a positive striation each emerge from this 
plasma travelling in opposite directions. 

Figures 5 and 6 represent actual oscillograph traces 
and Fig. 7 is directly derived from such traces and 
represents, therefore, the behavior in an actual tube 
with some irregularities caused by wall conditions. 

The method of treating the oscillographic evidence 
can be better discussed with the help of Fig. 8, which 
presents drawings of typical oscillograph patterns of 
light intensity as function of the time for eight positions 
in the positive column successively closer to the cathode. 
For each of these the time at which a peak in the 
intensity occurs is then plotted on the lower right part 


f 


8 304 


D 


Fic. 5. Oscillograph pictures. of moving striations in argon at 
12mm pressure. The markers on the sweep are 100 us apart. The 
zero line (C-H) is provided by an electronic switch. The dot 
identifies the principal positive striations (C-H). 

A: Light intensity 12.45 cm from anode at 31.0 ma. 


B: Light intensity 14.75 cm from anode at 31.0 ma. 
C-H: Light intensity in positive column at 19.20 ma; frequency, 2438 
“1 


sec™t, 
C: 4.83 cm from cathode. 
D: 4.05 cm. 
Z:.3.80 cm. 
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of the figure for the points which are numbered in cor- 
respondence with the oscillograph traces. Thus at point 
(1), closest to the anode, intensity peaks occur at 50, 
200, 250, and 450 usec and are so plotted on the graph. 
It is seen that at the neighboring points (2), (3), etc., 
the peak marked (+) occur at successively later times 
while the other peaks occur earlier but only slightly so. 
The peak marked (+) moves therefore toward the 
cathode and represents a positive striation, whereas 
peaks (a) and (b) move in the opposite direction but 
with a much higher velocity and represent negative 
striations. 

If we fix now our attention to peaks (+-) and (a) we 
find that they approach each other continually until at 
point (5) they are only separated by 43 usec. The 
intensity does not fall to zero during the time between 
these peaks near point (5). 


At point (6) the two peaks are again more widely 


separated and through comparison with (7) and (8) it is 


Main 


_—— —- 


E 


Wann 


Fic. 6. Oscillograph pictures of moving striations near the 
cathode in argon at 12 mm pressure. Markers 100us apart; 
— 19.20 ma. The dot identifies the principal positive stria- 


cm from cathode, 
cm (Faraday dark space). 
7 


: 70 cm (Crookes dark space). 
: (Cathode glow). 
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Fic. 7. Time-position curves for the moving striations near the 
cathode in argon at 12 mm pressure and 19.20 ma current. At 
the top of the figure is plotted the amplitude of the light intensity 
for each of these striations as a function of position. These curves 
are labeled to correspond with the striation paths plotted in the 
bottom part of the figure. The full curves are not drawn for 
b, C, G+, by. 


apparent that the left peak is now the negative and the 
right one the positive striation. This can only be inter- 
preted to mean that at point (5) the striations pause for 
about 45 usec. While this happens they are intermingled 
and form a true plasma. The light intensity drops but 
not to zero and rises again when they are ready to 
separate, 

In Fig. 8 peaks séparated by 400 usec are designated 

by the same letter. They are manifestations of the 
same striation one period apart. In our example there 
are two negative striations (¢ and 6) to each positive 
one. If the distance between points (1) and (8) is 2.5 cm 
the average speed of the negative striations is 1000 
m/sec, that of the positive striations 100 m/sec. 
* Figure 7, the diagram of an actual tube, is somewhat 
more complicated than Fig. 8 because different parts of 
the discharge may be quite different in the behavior of 
the striations, particularly near the cathode. 

As one follows a particular positive striation along the 
tube in Fig. 7 it meets three negative striations in a 
cycle. Its intensity is a maximum between the meeting 
points, a minimum at the meeting points. These inten- 
sities of the striations, i.e., the values of the intensity 
maxima in each oscillogram, are indicated in the upper 
part of Fig. 7 in which the particular striations are 
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Fic. 8. This drawing demonstrates the method used to plot 
space-time curves for the striations from oscillographic data 
giving light intensity as a function of time at eight positions in 
the positive column. Each intensity curve is numbered to cor- 
respond with the ition where the times of its maxima are 
plotted on the graph. 





identified by letters corresponding to parts in the lower 
half of the figure. 

The intensity of only one negative striation, the one 
marked (a) is plotted throughout (dashed line). The 
intensity curves for the other two (b) and (c), are dis- 
continued where they first meet the positive striation 
(+). (a), (b), and (c) all originate in the negative glow 
between 1.75 cm and 2.12 cm from the cathode. At the 
same points positive striations arise which go into the 
negative glow. These are marked (a,), (6), and (c,). 
The intensity curves, for example of (a) and (a,), are 
continuous. A vertical bar indicates on the intensity 
plots where the change occurs. Only the curves for (+) 
and (c,) are continued all the way to the cathode to 
avoid crowding. The minima between striations are 
uniformly zero except near the cathode where there is a 
considerable steady non-oscillating part in the intensity 
which is indicated by the cross-hatched area. The nega- 
tive glow, which extends from about 1.05 cm to about 
2.05 cm, has a pronounced structure. The division at 
1.4 cm has apparently never been noticed previously. 
One might say that the positive column begins where 
the steady part in the intensity becomes zero. 

The meeting places of the positive and negative 
striations are at fixed spots in the tube (positive 
column). Although the amplitudes of the striations are 
brightest between these meeting points, the average 
intensity is larger at the meeting points because the 
striations remain there longer and the intensity does 
not go down completely to zero while the striations are 
at rest. The time average of intensity is, therefore, 
higher near these meeting points and they appear as 
stationary striations.” 


8 This type of stationary striation appears to be different from 
the typical stationary striations observed in some diatomic gases. 


Since all the positive striations meet negative ones 
always in the same spot it follows necessarily that the 
number of stationary striations within one wavelength 
must be an integer, a fact which was mentioned earlier. 
This wavelength (the distance between points in the 
tube with the same phase) is constant where the phe- 
nomena are truly periodic in space. Where such a 
periodicity is not established, as in the region near the 
cathode, or is not interfered with as, for example, in the 
positive column through local differences in the proper- 
ties of the tube wall, the wavelength will vary. 

Well inside the positive column the negative stria- 
tions are not very conspicuous as their amplitude is 
small. They have a uniformly high speed (about 1500 
m/sec, see Fig. 9). The time delay at the meeting place 
with the positive striations is small. The meeting point 
can always be found from an observation of the positive 
striations as the maximum of the oscillograph traces is 
broadest there (Fig. 5A as compared with Fig. 5B). 
The left part of Fig. 9 gives a fairly typical picture of 
the situation throughout most of the positive column, 
where the delay at the meeting points is appreciable. 

As is evident from Figs. 5 to 7 the discharge near the 
cathode shows the greatest detail of structure in the 
oscillations and this part is of greatest significance for 
an understanding of the mechanism of the striations. 

In the Crookes dark space (Fig. 6H) the intensity is 
so low that no striation can be followed through it in 
this case. In the cathode glow most of the intensity is 
steady but weak oscillations are superimposed. The 
observations are difficult and the situation not quite 
clear but there is definite evidence that these are 
negative striations moving away from the cathode 
through the Crookes dark space (although they cannot 
be traced here) into the negative glow. The departure 
of these striations from the cathode is important in 
connection with the voltage oscillations to be discussed 
later. 

The arrival of this cathode negative striation in the 
negative glow coincides with the arrival of a positive 
striation there. In the negative glow most of the inten- 
sity is due to the steady component. The oscillating 
part is due to positive striations only, four of nearly 
equal amplitude in each cycle, (Figs. 6E and 6F). 
Going toward the Faraday dark space they change 
their relative intensities considerably (Figs. 6C and 6D). 
Figure 7 shows that only one of these positive striations 
comes from the positive column, the other two origi- 
nating in the Faraday dark space. It is noticed that 
whenever a positive striation leaves the Faraday dark 
space toward the cathode a negative striation leaves it 
to move in the opposite direction. 

The picture near the anode is presented in Fig. 9 for 
a condition very similar to that of Fig. 7. The current 
here is slightly higher (19.35 ma) and the frequency a 
little lower (2425 sec~*). There is no great difference in 
the structure of the striations in the positive column 
until very close to the anode. The negative striations 











are observed to travel all the way to the electrode. In 
the present case the positive striations are seen first a 
very short distance in front of the anode shortly after 
a negative striation has passed. This is considered to be 
accidental since there are many cases in which no cor- 
respondence can be established between the arrival of 
negative striations and the departure of positives. 
Whenever a striation arrives at or leaves the anode a 
maximum in the tube voltage and a minimum in the 
current is observed. 

There is in this case, and very frequently in others, 
a definite asymmetry in the positive striations near the 
anode, alternate ones travelling in a slightly different 
way. This distinction disappears before much of the 
positive column is traversed. 

Since it is impracticable to present a complete 
position-time graph here for a tube 40 cm long, we have 
sketched (Fig. 10) what the striation behavior should 
be for a tube having only five stationary striations in 
the positive column. Actual data are represented near 
the anode and the cathode and in the voltage oscillation, 
but the central portion of the positive column has been 
telescoped in such a way that the phase relation between 
cathode, anode, and voltage oscillations remains 
correct. The speed of striation motion has been idealized 
to uniformity. The diminution of the delay time when 
striations meet in the central part of the positive 
column is indicated and real. Arrows at the bottom of 
the figure point to these meeting places; i.e., to the 
maxima of the stationary striations. The precise cor- 
respondence between voltage peaks and striations at 
the anode and between voltage minima and striations 
at the cathode should be noted. Here, in contrast to 
Fig. 9, positive striations leave the anode a long while 
after negative striations have gone in. It should be also 
noted that the striations repeat in groups of three. This 
complex periodicity is quite a common phenomenon. 


VI. ARGON AT 2.1, 4.4, AND 30 MM PRESSURE 


The phenomena in the argon discharge at pressures 
of 2.1, 4.4, and 30 mm are essentially the same as those 
observed at 12 mm pressure. Because of the appearance 
of different modes, the data are not sufficient to deter- 
mine the general dependence of the oscillatory phe- 
nomena on pressure. For this reason only the significant 
differences appearing at different pressures will be 
mentioned which supplement the data observed at 12 
mm. 

Figures 11 and 12 show the behavior at 2.1 mm and 
3.83 ma current. The frequency of the oscillations is 
5000 sec-! which makes the period 200 usec. The 
average wavelength is 3.39 cm and the average speed 
169 m/sec. The striations are very regular. The time 
position diagram (Fig. 12) is very similar to that at 12 
mm (Fig. 7). There are two negative striations to each 
positive one in the positive column, a weak third one is 
observed near the Faraday dark space. The speed of the 
main negative striation is 2300 m/sec and can be 
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measured rather accurately. The left side of Fig. 12 
shows the voltage fluctuations about which more will 
be said in Sec. 7. 

At 4.4 mm the oscillations seem at first sight much 
more complicated than at 12 mm (see Fig. 13). This is 
due to the fact that there are nine negative striations 
for every two positive striations. Furthermore, alternate 
positive striations do not meet negative striations at 
the same point. The minima of the one set of stationary 
striations thus produced coincide almost exactly with 
the maxima of the other set. The positive column thus 
appears to be entirely homogeneous to the eye. There 
is an odd effect in the cathode glow when negative stri- 
ations leave toward the negative glow. From the same 
point striations can be seen which run around the edge 
of the cathode and back towards its rear. 

At 30 mm there are simple oscillations at the lower 
currents with the negative striations not much in 
evidence. At 150 ma the oscillatiéns disappear com- 
pletely and the discharge is steady (Fig. 4G). This state 
of affairs prevails up to the highest currents (270 ma) 
at which observations could be made. 


VII. CURRENT AND VOLTAGE OSCILLATIONS 


It has already been noted that intensity oscillations 
are always accompanied by voltage oscillations. Also 
the discharge current shows oscillations. 

The relationship between the current oscillations at 
either electrode, the voltage oscillation across the tube, 
and the intensity oscillations is most simply studied 
with a circuit such as that of Fig. 14. When SW; is 
closed, with SW, open, the voltage oscillation can be 
measured. When SW; is open and SW, closed in position 
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Fic. 9. Time-positive. curves for the moving striations near the 
anode in argon at 12 mm pressure and 19.35 ma current. 
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Fic. 10. Plot of time-position curves showing striation behavior 
completely from anode to cathode. These curves are representative 
of the motion of striations in general, but a specific case is repro- 
duced only near the anode and cathode and in the voltage oscil- 
lation. The curves are drawn as straight lines in the positive 
column. In an actual case the slope would vary. Arrows locate the 
maxima of stationary striations. 


A the current oscillations at the cathode are displayed 
on the oscillograph, and similarly those at the anode for 
SW, in position B. R4 and Re are both 6000 ohms. 
Because it is not proper to*ground permanently any 
point in this circuit, the trigger for the sweep must come 
from the photocurrent fluctuations for some convenient 
and fixed point in the discharge. 

For a number of discharges the current and voltage 
oscillations were compared when the series resistance R 
was altered and the emf changed to maintain a constant 
discharge condition; i.e., identical dc ammeter reading 
and identical striation behavior. The relationship of i,, 
the current at the cathode; ig, the current at the anode; 
and the difference in potential between these electrodes 
may be summarized easily for the simpler types of oscil- 
lations such as those in argon at 12 mm, at 30 mn, for 
low current at 2.1 mm, and in mercury vapor. The 
current fluctuations are identical at both electrodes 
except in amplitude. Their amplitude varies with the 
series resistance R, in such a way as to keep AV, the 
magnitude of the voltage oscillation constant, where 


AV=—[R,Ai.+ (R+Rz) Aico]. 


An example of this effect in argon at 12 mm for a 
current of 21.7 ma and a frequency of 3400 sec is 
presented in Table III. 

As we have pointed out, a current peak will occur 
whenever there is seen at the cathode a moving striation 
and a current minimum will occur whenever one is seen 
at the anode. In fact, it is possible to predict with fair 
accuracy the form of the voltage or current oscillation 
from an observation of the light intensity patterns near 
the electrodes. 

It was seen that the magnitude of the current oscil- 
lations depends markedly on the external circuits while 
the voltage oscillations are much more characteristic of 
the_discharge. 


There is strong indication that the voltage oscillations 
are closely associated with the excitation and ionization 
potentials of the gas. 

The relationship is expressed in Table IV for some of 
the gases for which data are available. This shows that 
the voltage oscillations (AV) show the same trend as 
the excitation potentials (V.). The relationship is not 
exact:and cannot be as the amplitude of the voltage 
oscillations may depend on the discharge conditions. 
The values given are typical values. There are often 
many subsidiary voltage peaks with different ampli- 
tudes. 


VIII. OSCILLATIONS IN OTHER GASES 


Many observations were made on oscillations and 
moving striations in other gases besides argon. Such 
oscillations occur under a great variety of conditions in 
He, Ne, Kr, Xe, Hg vapor, He, and air and probably 
other gases. This shows that the moving striations are 
a rather universal phenomenon in glow discharges and 
that any theory of the discharge mechanism should 
take account of them. 

Some of the gases show oscillation phenomena with 
features considerably different from those observed in 
argon. We expect to deal with them in a subsequent 
paper. 

A few remarks may be useful on oscillations in 
mercury vapor discharges. Mercury vapor discharge 
tubes are in general use now for many purposes, for 
example, in fluorescent lighting tubes, germicidal tubes, 
sun lamps, etc. Oscillations and moving striations can 
be observed easily in most of them and it matters little 
whether they have a hot or cold cathode. 

Almost all such mercury tubes have a rare gas filling 
in which the discharge is started when the tube is cold. 
The heat produced by the discharge evaporates the 
mercury, and the discharge is then almost completely 
in the mercury vapor. The striations observed in such 
a tube are then characteristic for mercyry vapor and 
not for the rare gas. This was verified with a tube with 
a side chamber which could be immersed in liquid air. 
It took about a week to distill all of the mercury from 
the main part of the tube through which the discharge 
passed into the side tube. The removal of the mercury 
could be verified when the spectrum of the discharge 
was a pure argon spectrum. The type of oscillations 
changed then from those typical of a mercury discharge 
into those typical of argon. é 

In mercury there was also the tendency for several 
modes. In the range of currents where the modes over- 
lapped there was a conspicuous tendency toward 
instability (Figs. 2A and 2B) which was due to a 
change-over between such modes. 

The magnitude of the voltage oscillations is usually 
between 4 and 5.75 volts although at low currents 
amplitudes as low as 1.6 volts have been observed. 

In one tube two sharply defined modes could be 
observed which could be excited independently over a 
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wide current range. The dc characteristics for the two 
modes are found to be distinctly different. In other 
mercury tubes more than six different modes could be 
observed. 

Although a large amount of data on mercury dis- 
charges is avaiJable, there seems to be little point in 
going into details here. Conditions in an ordinary mer- 
cury discharge are not very simple. Unless special pre- 
cautions are taken the vapor density will depend on the 
current and, furthermore, the situation is complicated 
by the presence of the rare gas. A mercury discharge, 
however, is particularly well suited for observations of 
the striations in the monochromatic light of a single 
spectrum line, which will be discussed in the next 
section. 


IX. SPECTROSCOPIC OBSERVATIONS IN 
THE STRIATIONS 


For this purpose a General Electric type H-6 quartz 
mercury tube was used which has a diameter of about 
0.25 cm and the electrodes 2.8 cm apart. The tube was 
used at low currents (about 1-10 ma). The discharge 
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. 11. Light intensity oscillations in argon at 2.1 mm pressure 
and 3.83 ma current. Time markers are 100 us apart. 


: 12.54 cm from cathode. F: 2.15 bs from cathode. 

: 12.24 cm. G: 2.16 

: 12.16 cm, H: 1.70 bo (Faraday dark space). 
: 11.80 cm, I: 1.29 cm (Negative glow). 

: 2.68 cm. J: 0.83 cm (Crookes dark space). 
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Fic. 12. Time-position curves and voltage oscillation for stri- 
ations (see Figure 11) in argon at 2.1 mm pressure and 3.83 ma 
current. 


was then a glow discharge and showed typical oscil- 
lations. At 2.35 ma, for instance, the frequency was 
10750 sec~! and the voltage oscillation as high as 50 
volts. 

An image of the discharge tube was focused on the 
entrance slit of a one meter grating spectrograph by 
means of a system of mirrors indicated in Fig. 15. This 
made it possible to examine spectroscopically any point 
in the discharge. An exit slit on the focal curve of the 
spectrograph would isolate any desired spectral line. A 
multiplier photo-tube received the light of this line and 
the output of the photo-tube was analyzed with the 
oscillograph in the manner described earlier. In this way 
the five mercury lines at 2537A, 4358A, 4047A, 5461A, 
and 3660A were investigated. The three lines 4047, 
4358, and 5461 have the same initial state (78S) with 
an excitation potential of 7.69 volts. These three lines 
should have the same excitation characteristics and 
this was found to be true. The initial state of the 3660 
line (6°D-—-6'P,) has an excitation potential of 8.80 
volts and is not sufficiently different for any changes in 
excitation to show up experimentally. Within the limits 
of experimental errors this line behaves in the discharge 
like the three visible lines. The 2537 line, on the other 
hand, has a considerably lower excitation potential 
(4.9 volts) and it behaves differently in the discharge. 

When the intensity oscillations are observed at a 
given place in the tube, it turns out that the 2537 stria- 
tion is definitely ahead of the other striations by about 
15 psec. Although this is a small effect it is consistent 
and unmistakable. Self-absorption, which may be con- 
siderable for 2537 if the mercury pressure is high, prob- 
ably plays no significant part at the low currents (5.6 
ma) and short path lengths. Even if there were appre- 
ciable self-absorption it is hard to see how this could 
shift the position of the maximum. We must conclude, 
therefore, that the atoms responsible for the emission 
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Fic. 13. Light intensity oscil- 
lations in argon at 4.4 mm 
pressure and 8.60 ma current. 
A, 3.31 cm from the cathode; 
B, 3.68 cm from the cathode. 
The small peaks are due to 
negative striations. 


of the 2537 line travel ahead of the atoms in a higher 
state of excitation. 


X. INTERPRETATION 


The results reported in this paper indicate that any 
theory of the glow discharge should contain oscillations 
and moving striations as an essential or at least very 
important feature. For the work here presented shows 
that oscillations occur almost universally in glow dis- 
charges and under conditions hitherto believed to 
produce stationary discharges. Oscillations and moving 
striations are not exceptional cases but are almost 
always present within a large range of pressure and 
current whenever a positive column exists. Therefore, it 
is to be suspected that they play an essential part in 
the mechanism of the glow discharge. The tare cases 
in which striations are absent probably should be re- 
garded as exceptions. 

While many of the fundamental properties of the 
oscillations have been presented in this paper, this 
work is by no means complete. Work on other important 
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Fic. 14. Circuit diagram for the measurement of voltage oscil- 
lations and current oscillations at either end of the tube under 
the same conditions. 


B: Twenty-five dry batteries, 45 volts each. 
R: Variable resistance, 0-100,000 ohms. 
Re, * 6000 ohms. 
: Photo-tube. 
: Permits observation of cathode current in position A. 
: Permits observation of anode current in position B. 
ow; 2: When closed with SW: open permits observations of voltage 
oscillations. 


features of oscillating glow discharges has by this time 
been nearly completed in this laboratory and the results 
are scheduled for early publication. Thus the experi- 
mental data are not yet complete. An attempt to 
develop a detailed theory of the glow discharge must 
wait until these further quantitative experimental data 
are available. 

However, the observations reported here do suggest 
a tentative mechanism which is presented as a working 
hypothesis for the guidance of further experiments, 
rather than as a definite theory. This mechanism, which 
suggests the principal role of the moving striations in 
sustaining a glow discharge, fits in a qualitative way 
much that has been discovered about the striations thus 
far, though it by no means explains everything. In par- 
ticular, it should be noted that the following sections 
do not apply to discharges through diatomic gases. 

Although the problem of describing the distribution 
of potential, positive, and negative ion current, and 
electron temperatures as functions of the total current 


TABLE III. Voltage and current oscillations in argon, p=12 mm. 
Direct current: 21.7 ma. Frequency: 3400 sec“! (Mode IV). 








R =20,000 ohms 


(R+Ra)Ais 
(vo'ts) 


Time of 
peak Mie 
(msec) ma) 


av 
(measured) 
volts 


ReAie 
(volts) 


9.3 2.3 
74 1.6 
11.9 2.5 
R =12,500 ohms 
8.6 
6.8 
10.4 
R =6,000 ohms 
0.64 7.5 
0.49 5.8 
0.67 8.1 





0.38 
0.26 
0.43 


150 
190 
240 


11.5 


0.49 
0.36 
0.49 


150 
190 
240 


150 
190 
240 


0.48 
0.68 








density, the gas pressure, and the type of gas molecule 
has never been satisfactorily solved either in the case of 
a discharge with or without positive column, still a 
fairly consistent picture of the mechanism of gaseous 
conduction has been developed. In terms of this 
mechanism the current at the electrodes would suffer 
fluctuations in time of a statistical nature only. Each 
of the electrons produced per positive ion striking the 
cathode must produce 1/7 ion pairs in the fall space 
where y is the number of electrons emitted per positive 
ion. The primary and secondary electrons after passing 
out of the region of high field strength in the cathode fall 
and after losing energy in the negative glow then travel 
into the positive column. The number of electrons 
passing any surface in the positive column per unit 
time is essentially constant. Thus there is a steady 
current at the cathode and at the anode. 

However, one critical phase of this process has been 
generally overlooked. There is a difficulty concerning 
the process whereby the electrons, after passing out of 
the region of large positive space charge in the fall space 
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TABLE IV. Relation between the observed voltage oscillations 
(AV) and excitation potentials of the vapor atoms. 








ve Vi AV 
(ev) (ev) (v) 


4.9 10.4 5.4 
9.9 14.0 10.1 
11.6 15.8 12.4 
16.6 21.6 14.4 
19.8 24.6 16.6 











and losing a considerable part of their energy by excita- 
tion in the negative glow, pass into the supposedly uni- 
form field region of the positive column. There is 
certain to be a considerable accumulation of electrons 
in the negative glow, for somewhere in this glow the 
sign- of the space charge must change and become 
negative. There is even good evidence that the electric 
field becomes negative there. Thus there would actually 
be a minimum in the potential near the Faraday dark 
space and a trap would exist for electrons in the negative 
glow around the corresponding potential maximum. 
Unless it can be shown that electron diffusion against 
this field is sufficient, the current delivered to the 
positive column will not be steady but will decrease as 
the negative space charge in the negative glow increases 
and spreads toward the cathode. The attendant decline 
in the field of the Crookes dark space will then cause 
the current at the cathode to diminish and presumably 
the discharge would tend to be extinguished due to the 
critical nature of the value of the cathode fall. 

To arrest this process before it has developed too 
far it is necessary to find a means of removing the excess 
electrons which have accumulated in the negative glow. 
It seems certain that the moving striations of the 
positive type are regions of high positive space charge 
which travel toward the negative glow. When one of 
these striations preceded by a region of high field has 
come sufficiently close to the trapped electrons the 
barrier will be lowered and the electrons will be released 
to travel as a burst toward the positive striation. Such 
a burst is a negative striation. These striations are 
indeed observed to originate in the rear of the negative 
glow (see Fig. 7 at 620 usec, 510 usec, and 400 usec, or 
Fig. 12). When the electrons leave they apparently 
leave behind a positive space charge which begins at 
once to travel toward the cathode through the negative 
glow. This advancing potential wave raises the cathode 
fall, causing enhanced emission at the cathode and the 
resulting flow of electrons appears as a negative striation 
which travels across the Crookes dark space and meets 
the oncoming positive striation at the cathode edge of 
the negative glow. There the positive and negative 
space charge waves tend to neutralize each other and 
the process of electron entrapment begins again because 
the positive striation in the positive column by this 
time has been neutralized by the negative striation 
which it drew out of the rear of the negative glow. 

A trapping procedure similar to that in the negative 
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glow will also be effective in the positive striation. Ob- 
viously, there is high excitation in the positive striation, 
the electrons losing energy in inelastic collisions, and a 
concentration of electrons builds up. The flood of elec- 
trons in the negative striation feeds so much charge into 
this trap that a plasma of low total charge density is 
formed, both striations stop, excitation and light emis- 
sion decrease, and the positive striation ceases to be an 
effective agent for the removal of electrons from the 
negative glow. Once again the discharge current de- 
creases and electrons accumulate in the negative glow. 

However, another positive striation will eventually 
draw close enough to the place where the first pair 
stopped to release the trapped electrons there. The 
negative striation is then observed to leave this region 
and to travel to the oncoming positive striation, causing 
it to stop in its turn. However, the release of electrons 
leaves the first positive striation, now somewhat reduced 
in strength due to loss of ions while it was stopped, free 
to move again toward the negative glow. It increases in 
strength until once again it is able to release electrons 
from the glow. 

The cycle described above is then repeated since 
eventually the second positive striation will lose its 
trapped electrons as a negative striation to a third and 
move on toward the cathode and the first trapped 
striation. 

Eventually the first striation becomes free so close to 
the negative glow that it travels all the way to the 





“FKleal Cp 
ot 


Wi 
. 











LR 
By. 








Fic. 15. 


Top: Optical system used to observe individual spectral lines in moving 
striations. A: Carriage with pinion which moves on a rack lel to the 
discharge tube. a, a’: Spherical mirrors. 5, b’: Plane mirrors making a 45° 
angle with a and a’. si, s:: Entrance and exit slits of a one-meter Eagle 
grating soncprearegh, P: Photo-tube. 

Bottom: Possible distribution of space charge, of mercury atoms in 
the metastable states, *P> and *P:, and the probability of the *P-—!§ 
transition at times ¢ and ¢+-As. 
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cathode edge of the glow where it is met by a negative 
striation from the cathode. This is usually an occasion 
of absolute maximum light emission and current in the 
cathode layers. 

The entire cycle is then repeated with the second 
positive striation now drawing negative striations from 
the negative glow. The number of negative striations 
leaving the glow between the times two positive stria- 
tions reach it determines the number of stationary 
striations (electron entrapment) per wavelength in the 
positive column. 

The cathode fall, it should be noted, is never so much 
reduced that the process of ionic bombardment and 
electron emission at the cathode is greatly impaired. 
The fluctuations in current are usually only a small 
percentage of the total current. The negative glow never 
becomes dark, and there is always a steady undercurrent 
of electrons through the positive column as is attested 
by the fact that even while the positive and negative 
striations are bound to each other and at rest, light 
emission does not fall completely to zero in that region. 
This steady stream of electrons, however, is of low 
energy between positive striations and does not cause 
any excitation there except during the period when it is 
enhanced by a negative striation and both current 
density and field are strong. 

It should be emphasized that the time of current 
maximum at the cathode is that instant at which elec- 
tron emission is copious due to the reduced negative 
charge in the negative glow; i.e., when a negative 
striation leaves the cathode. This is inevitably observed 
to be the case. 

In the positive column the electron bunches pass 
from one positive striation to the next, each positive 
striation periodically releasing them from the one ahead 
of it and traveling toward the cathode between entrap- 
ments. It remains to say how the positive striations 
arise in the first place near the anode. For this the 
picture is not too clear. Positive striations are always 
observed to leave the anode at a time of current mini- 
mum; i.e., when the voltage across the discharge tube 
is maximum between the occasions of strong emission 
(striations) at the cathode. Apparently, as one positive 
striation draws away from the anode the electrons 
traveling between this striation and the anode arrive 
near the anode with ever increasing energy (for the 
total tube voltage is also increasing) until they have 
built up a large cloud of ions in front of the anode. This 
space charge to a certain extent will shie.d the anode 
and the current will drop until the space charge has 
built up enough to be moved away from the electrode 
by the mechanism of striation movement described in 
the next section. Thus it becomes a positive striation 
and sets out for the cathode until it stops a nege‘ive 
striation somewhere near the anode. This negative 
space charge is usually released to the anode itself when 
the anode has risen to a potential high enough to draw 
it away. 
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Evidence which further supports this qualitative 
picture has been obtained and will soon be reported. 


XI. CUMULATIVE IONIZATION IN 
MOVING STRIATIONS 


At least two important points remain to be discussed. 
These are the matter of how ionization takes place in 
the positive column and of why the positive striations 
move. It is possible that the two processes are related ; 
that the manner ‘in which ionization occurs near a 
striation tends to cause the positive ion concentration 
to shift toward the cathode. Suppose, for example, that 
in a gas the only levels excited to any appreciable extent 
in the positive column by collisions between electrons 
and unexcited atoms are those low lying ones of which 
some are metastable, and that the only effective process 
by which large numbers can attain higher levels of 
excitation and ionization is collision between electrons 
and metastable excited atoms. In other words, electrons 
with energies much greater than the first critical poten- 
tial of the gas rarely occur in the field of a positive 
striation. Then at some instant, if there should exist in 
the gas the following distribution of ions and excited 
atoms, such a configuration should tend to preserve 
itself by moving in the direction of the cathode. 

Let there be a positive space charge peak at some 
point x. Here, for a reason which will become clear, the 
concentration of metastables should be low, but should 
rise to a maximum just on the cathode side of x, say at 
x—Ax (Fig. 15). Finally, suppose that at the same 
moment the rate of production of metastable atoms, due 
to impacts by electrons which have gained energy in 
the field of the positive space charge, is greatest still 
farther toward the cathode at x;. This situation would 
exist if the electrons had risen in energy so that the 
peak in their energy distribution were just above the 
energy levels of the metastable states when they arrive 
at x;. Near x;, then, much excitation of these levels 
but little in any higher levels would take place. The 
electrons leaving x:, after a sharp drop in energy, due to 
inelastic collisions there, would gain energy again in 
the region to the cathode side of x where the space 
charge concentration exists. Thus when they get to 
ax—Ax where the concentration of metastables is high 
they would begin to produce highly excited atoms as 
well as ions. At x not much ionization would take place 
due to the low concentration of metastable atoms there 
and due to the losses in electron energy near x— Ax. 
Thus in time a concentration of metastable atoms would 
be built at 2, while the ion concentration would rise and 
the metastable population decline at x—Ax. At x no 
new ions are being produced, so the ion concentration 
there falls due to the various factors which contribute 
to the loss of ions, such as lateral motion to the walls 
and recombination in the gas. Beyond x the electrons 
which even at x could not produce many excited atoms 
because of their low energy and because of the 
scarcity of metastable atoms, lose energy in a nega- 
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tive field and no longer contribute any excita- 
tion. Thus after a time At the space charge con- 
figuration which was at x has moved to x—Az, the 
metastable peak which was at «— Ax has moved toward 
x1, while the number of metastable atoms at x— Ax has 
declined due to the cumulative excitation and ionization 
which have removed them. In turn the peak production 
of metastable atoms is no longer at x, but at x;—Axv-be 
because of the shift in space and perhaps in strength of 
the source of the local field. Such a mechanism would 
tend to produce a movement in the striations. Whether 
it is sufficient to explain the entire motion remains to be 
determined. 

There are two consequences of such a theory which 
can be tested easily. First of all the speed of the stria- 
tions should depend on the rate of production of meta- 
stable atoms and their consequent removal by collisions 
into higher states in such a way that the striations are 
fastest when they are brightest. This is indeed a very 
noticeable feature of the moving striations. On the 
other hand, it is not a property uniquely belonging to 
this mechanism. For if the motion were entirely due to 
the fact that the striations are positively charged con- 
figurations in an electric field, the electric force would 
be highest when the total number of ions (hence also 
the number of excited atoms) is highest, and high speed 
and strong emission would again coincide. 

The second consequence would have to do with the 
spectroscopic study of the striations. In a mercury 


vapor discharge, for instance, it would be possible at 
any instant to locate the point x, because this point 
at which the excitation of the metastable levels of the 
Hg triplet *P is at a maximum would also correspond 
to a maximum in the radiation at \=2537A due to 
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transitions from the one level of the three that is not 
metastable. This peak in 2537A should lie at a given 
time to the cathode side of the peaks of radiation at all 
other wavelengths which should coincide at the point 
x—Ax. The intensity of 2537A emissions at x—Ax 
should surely not be as high as it is at x; for a few elec- 
trons attain sufficient energy at «—Ax to produce the 
3P, level directly and only a fraction (much less than 
unity) of those atoms raised from *Po or *P2 to higher 
levels return to the ground state via *P;. Beyond «x all 
radiation should decrease. Of course, it would be neces- 
sary for the peak excitation of the higher levels to reach 
x1 in a time short enough that an appreciable population 
of metastables could still be present there. An interval 
of about 10~* sec does not seem to be inordinately large. 

These are just the results of the investigation in a 
mercury vapor discharge as described in Sec. IX. In 
fact, when the oscillograph traces of intensity at 2537A, 
4358A, and 3660A are compared, it is difficult to find 
any interpretation of the results but the one outlined 
above. It will be noted, finally, that the 4358 and 3660A 
peaks follow the 2537A past no point by more than 
2X10~-* sec. There should be a large number of meta- 
stable atoms left after a period so short. 

The foregoing picture is vague in many respects and 
will need to be implemented or changed to account for 
some of the observed phenomena. The chief purpose of 
the experiments now under way is to gather material 
with which the further development of the theory can 
be freed from uncertainties. In particular, it is desirable 
to develop the theory to such an extent that it will 
yield quantitative results which can then be compared 
with the large body of quantitative data furnished by 
the experiments. 
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Measurements of the thermoelectromotive force of superconducting versus normal junctions of the same 
metal have been made for lead, tin, indium, and thallium. The technique used differed in several respects 
from that employed by previous workers, Results are discussed in light of existing theory. It is found that 
the data obtained are in good agreement with a relation derived from Fermi-Dirac statistics and the assump- 
tion that the Thomson coefficient of a superconductor is zero. 


I, INTRODUCTION 


NUMBER of years ago Kok! postulated the exis- 

tence of a thermoelectromotive force at a junction 
of a superconductor and the same metal in the non- 
superconductive state. By considering a thermoelectric 
cycle analogous to the Gorter-Casimir? cycle, Kok 
showed that 


E«H’, (1) 


where £ is the thermoelectromotive force of the super- 
conducting-normal junction of the same metal and H 
is the critical magnetic field. Shortly after Kok pre- 
sented his hypothesis, Keesom and Matthijs’ measured 
E as a function of temperature for tin and indium. The 
experimental results agreed with theory only along 
broad lines. This was due partially to the limitations in 
measuring voltages of the order of 10~* v. In the present 
experiment a new method was used to measure E as a 
function of critical magnetic field for lead, tin, indium, 
and thallium. The data obtained for each of these 
elements has been found to be in disagreement with 
Kok’s hypothesis. However, it is shown that the results 
are consistent with a relation derived from the free 
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Fic. 1. Basic circuit: designates the normal state; s, the 
superconducting state; i, the intermediate state. 


1 J. A. Kok, Physica 4, 276 (1937). 
2 C. J. Gorter and H. Casimir, Physica 1, 305 (1934). 
* W. H. Keesom and C. J. Matthijs, Physica 5, 437 (1938). 


electron theory of metals. A preliminary report‘ of this 
work has already been given elsewhere. 


Il. EXPERIMENTAL METHOD 


The previous work of Keesom and Matthijs* utilized 
magnetic shielding to obtain two superconducting- 
normal junctions at different temperatures. In order to 
increase the accuracy of voltage measurement, they 
used from four to six circuits in series. The present 
experimental arrangement differs from that of Keesom 
and Matthijs in three respects: 

(a) Magnetic shielding is not utilized. (b) There is only one 
superconducting-norma! junction in the circuit. (c) Only one 
circuit is used. 


Figure 1 shows a schematic diagram of the basic 
circuit. The metal to be studied was connected to a dc 
voltage amplifier by copper leads. When the tempera- 
ture of the upper and lower junctions (7, and 71, 
respectively) have been adjusted so that T.>T7.>T1z, 
(where 7’, is the superconducting transition temperature 
in the absence of a magnetic field) one portion of the 
metal will be superconducting, another part will be in 
the intermediate state, and the remainder will be 
normal. In Fig. 1, T(H) is the transition temperature 
corresponding to a field H, and 67 represents the 
temperature interval over which there is an intermediate 
state. Since the specimens used in this experiment were 
all wires with their lengths much greater than their 
diameters, and longitudinal fields were employed, it 
seems reasonable to assume that 57’ would be negligible 
compared to 7.—7(H). Throughout the remainder of 
this development we will set 57 =0, thereby eliminating 
the two intermediate state junctions and substituting 
in their place a single ,s junction at the temperature 
T(H). 

With the condition described above and zero applied 
magnetic field, the total voltage, e(0), applied to the 
amplifier is: 


€(0) = €(Cu,n) Ty + €(n,s)Te+ €(S,Cu)Tr+€m, (2) 


where the first three terms on the right-hand side of 
Eq. (2) represent the voltage contribution of the three 


4M. C. Steele, Phys. Rev. 78, 308 (1950). 
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junctions at their respective temperatures, and €m is a 
miscellaneous voltage due to the remaining part of the 
circuit. If 7, and 7, are maintained constant while a 
magnetic field of strength H; is applied longitudinally 
over the entire length of the metal being investigated, 
the new voltage applied to the amplifier would be: 


e(H;) = e(Cu,n) Tu + €(n,s) TH+ (s,Cu)Tr+éem. (3) 


It is assumed in Eq. (3) that e(Cu,n)r, and ¢(s,Cu) rz 
are independent of magnetic fields of the order of 
magnitude of the threshold values. From Eqs. (2) and 
(3) it follows that: 


Ae= e(H;)— €(0) = e(n,s) T(Hy) — €(n,S) 7. 


If we set 
e(n,s)T-=0, 


Eq. (4) can be written as 
Ae= e(n,s)T(H)). 


e(n,s)T(Hy is the desired voltage EZ. If the magnetic 
field strength is now increased by increments, the 
observed voltage differences can be summed to give 
the value’ of E as a function of 7(H). It is of interest 
to consider the situation in the limit as H approaches 
the critical field corresponding to the lowest tempera- 
ture T,. For this case, the voltage applied to the 
amplifier would be 


e(H(T 1)) = (Cun) ry+ €(n,s)Tr+ €(s,Cu)Tr+ém. (7) 


Since Eq. (7) shows that under this field condition all 
of the superconducting portion is in the helium bath at 
the temperature T', it follows that the superconducting 
portion can be removed from the circuit without 
altering the observed voltage. Therefore, Eq. (7) is 
completely equivalent to 


e(A(T1))= e(Cu,n) 74+ €(n,Cu) 71+ €m. (8) 


If H is made to exceed H(Tz) it should follow that the 
observed voltage would remain constant since Eq. (8) 
indicates that ¢« is no longer a function of H. This 
condition was observed in all our experiments. 

This method gives E as a function of H directly. If 
H is known as a function of 7, Z can be expressed as a 
function of T. 


Ill. EXPERIMENTAL DETAILS 


A Perkin-Elmer breaker-type dc amplifier was used 
to measure voltages. The output of the amplifier was 
connected to a recording milliammeter.. With this 
arrangement, voltage differences of the order of 10-* v 
could be measured. 

Temperature measurements of the copper-normal 
metal junction and superconducting metal-copper junc- 


§ Because of the assumption of Eq. (5), the absolute value of 
E will be known up to an additive constant. However, the form 
of the variation of E with H or T will not be affected by setting 
this additive constant to zero. 


Taste I. Data on the materials used. 








Impurities, Diameter, 
percent inches 


Sn 0.008 0.018 
Sb 0.006 0.032 
All others: 
<0.001 


Purity, 
percent 


99.98 


Source 


National Lead 
Company 


Element 


Lead 





Pb~0.04 
Fe<0.01 
Bi<0.01 

V<0.01 


Baker and 
Company 


Fe~%.1 

Pb<0.01 
Sn<0.01 
Ti<0.01 


Fe~0.01 
Al~0.01 
Mo~0.01 


National Bureau 
of Standards* 


Indium 


Thallium >99.9 Johnson, Matthey 


and Company 








* The author wishes to thank Dr. R. B. Scott, Cryogenics Laboratory, 
National Bureau of Standards, Washington, D. C., for furnishing not only 
the indium wire but also valuable information on its superconductive 
properties. 


tion were made with carbon thermometers. Although 
the absolute temperature could be determined only to 
about 0.01°K with such thermometers, temperature 
differences of the order of 0.001°K could be detected 
readily. Since the extent to which the junction temper- 
atures can be held constant is a function of the temper- 
ature differences that can be detected, the carbon 
thermometers were satisfactory for this experiment. 

For two of the elements studied (indium and thal- 
lium), heat was applied at the upper junction in order 
to have T,>T7., while 7, was maintained as low as 
could be obtained by pumping on the liquid helium. 
The heater consisted of manganin wire wrapped around 
the upper junction thermometer. 

The magnetic field was furnished by a nitrogen-cooled 
solenoid which surrounded the helium flask. The 
solenoid was 23 inches long, 1} inch i.d. and dissipated 
about 300 watts for a field of 1000 oersteds. Specimens 
to be investigated were restricted to a length of 7 inches 
so that the field was uniform to within one percent over 
the entire length of the metal. The field strength was 
known to one percent from previous calibration. The 
metal being studied was mounted vertically in the 
helium flask. The liquid helium bath was adjusted so 
that about half of the sample was immersed. Therefore, 
the lower junction temperature, T,, was the same as 
the bath temperature throughout the experiment. 

All the elements used were in cylindrical wire form 
with diameters ranging from 0.005 to 0.07 in. For both 
lead and indium two sizes of wire were investigated. 
Specific information on purity, size, and source is given 
in Table I. 

In the case of the lead 0.032-in. diameter specimen, 
it was noted that the copper-normal lead junction 
temperature, T,, was strongly affected by the applica- 
tion of the magnetic field. In fact, increasing the mag- 
netic field resulted in decreasing 7, by as much as 
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0.6°K. This effect can be explained by the decrease in 
thermal conductivity of superconducting lead compared 
to normal lead. The change in T,, made it necessary to 
apply appropriate corrections to the data. This was 
done by calibrating the copper-normal lead junction 
voltage as a function of temperature in the absence of 
a magnetic field. 


IV. EXPERIMENTAL RESULTS 


The observed values of E as a function of applied 
magnetic field are shown in Fig. 2 for lead and Fig. 3 
for tin, indium, and thallium. It seemed desirable to 
treat lead separately, since the maximum voltage 
observed for lead was an order of magnitude larger 
than for any of the other three elements. Relative to 


E« 10° volts 
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Fic. 2. Thermoelectromotive force of superconducting lead 
against normal lead as a function of applied magnetic field. 
>, 0.018-in. diameter specimen; @, 0.032-in. diameter specimen. 


the effect of specimen size, it is seen that for both lead 
and indium the results were reproducible for different 
sizes of the same element. 

In order to compare the present results for tin and 
indium with the values obtained by Keesom and 
Matthijs,’ it was necessary to have the temperature 
corresponding to the applied field. These temperature 
values were obtained from the magnetic threshold 
curves of the particular elements. With the exception 
of indium the temperature values were taken from 
curves existing in the literature. However, before this 
was done a number of threshold values were measured® 
for each of the above specimens and within experi- 


* The resistance method was used for getting threshold values. 
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Fic. 3. Thermoelec- 
tromotive force of the 
superconducting-normal 
junction of the same 
metal as a function of 
applied magnetic field. 
A, tin; O, indium speci- 
men with 0.011-in. di- 
ameter; @, indium speci- 
men with 0.014in. di- 
ameter; X, thallium. 














— H, oersteds 
mental error the results were found to be in agreement 
with the published curves. 

The threshold curves used were obtained from the 
following sources: Daunt and Mendelssohn’ for lead; 
de Haas and Engelkes® for tin; and Daunt, Horseman, 
and Mendelssohn? for thallium. Since the indium used 
in this experiment had a somewhat higher normal 
transition temperature (3.41°K) than many values 
given in the literature (3.37°K), its magnetic threshold 
curve was measured from 1.95°K to 3.41°K. The values 
found between 3.26°K and 3.41°K were in good agree- 
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Fic. 4. Thermoelectromotive force of the superconducting- 
normal junction of lead as a function of temperature. O, 0.018-in. 
diameter specimen; @, 0.032-in. diameter specimen. 


7J. G. Daunt and K. Mendelssohn, Proc. Roy. Soc. A160, 127 
(1937). 

8 W. J. de Haas and A. D. Engelkes, Physica 4, 325 (1937). 

®Daunt, Horseman and Mendelssohn, Phil. Mag. 27, 754 
(1939). : 























Fic. 5. Thermoelec- 3} 
tromotive force of the 
superconducting-normal 
junction of tin as a 











function of temperature.  °f 

O, present data; X, 

results of Keesom and 

Matthijs (reference 3). tb 
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ment with the measurements of Scott'® on the same 
sample of indium. 

Figures 4 through 7 show E plotted as a function of 
T for lead, tin, indium and thallium respectively. 
The data of Keesom and Matthijs’ for tin and indium 
are included in Figs. 5 and 6. 

The accuracy of the measured values of E is esti- 
mated to be within +10 percent. 


V. DISCUSSION 


It is seen from Figs. 2 and 3 that the present data do 
not agree with Kok’s' hypothesis as given by Eq. (1). 
In fact for tin, indium, and thallium, the results indicate 
that E is very nearly linear in H. For lead, there is a 
slight curvature towards the H axis, which is opposite 
to that predicted by Kok. The disagreement is also 
evident in the temperature variation of E. If we 
assume a parabolic relation for the magnetic threshold 
curve" Eq. (1) can be written as 


E«(1—(T/T.)*f. (9) 


If E is plotted as a function of T using the relation 





E *10° volts 
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Fic. 6. Thermoelec- 

tromotive force of the ” 
superconducting-normal 4f . 
junction of indium as a rot 
function of temperature. 
©, present data for 3b 
0.011-in. diameter speci- « 
men; @, present data for 
0.014-in. diameter speci- « 
men; X, results of 2r 
Keesom and Matthijs x 


(reference 3). 
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© R. B. Scott, J. Research Natl. Bur. Standards 41, 581 (1948). 
1 For the soft superconductors used in this experiment, the 
threshold curves can be very nearly represented by parabolas. 
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given by Eq. (9), it is found that there is an inflection 
point at T=T7./v3 and dE/dT=0 at T=T,.. None of 
the curves in Figs. 4 through 7 exhibit either of these 
properties. This disagreement is evident to the same 
degree even if the actual threshold curves are used in 
place of the parabolic assumption for transforming Eq. 
(1) to a temperature dependence of E. There is a way 
of explaining this contradiction between theory and 
experiment if we examine the basis of Kok’s hypothesis. 
Following is the hypothesis used by Kok! for the 
derivation of Eq. (1): 


“The difference of the molar free energies of the metal in the 
two states AF(=F,—F,) has the same value as the difference of 
the molar free energies of the conduction electrons. This hypothesis 
is equivalent with the plausible assumption that the molar free 
energy of the lattice does not change at the transition of the 
metal from the superconductive to the nonsuperconductive state.” 


The hypothesis, as stated above, implies that there is 
no interaction between the conduction electrons and 
the lattice. Actually, we might expect that the inter- 
action between electrons and lattice becomes increas- 
ingly significant as the temperature approaches absolute 
zero. Objections to the assumption of weak coupling 
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Fic. 7. Thermoelec- ot 

tromotive force of the 
superconducting-normal 
junction of thallium as a 
function of temperature. ik 
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between electrons and lattice are given by Tisza” in a 
recent article. Of course, if there is an appreciable 
interaction between electrons and lattice, Kok’s hy- 
pothesis would be obviated. 

It is of interest to remark that the failure of Kok’s 
hypothesis to explain the experimental thermoelectric 
data presents somewhat of a paradox. The paradox 
becomes apparent in a qualitative sense when it is 
considered that an assumption equivalent to Kok’s 
hypothesis has been used successfully for a phenomeno- 
logical explanation of the specific heat behavior of a 
superconductor.” To demonstrate the paradox analyti- 
cally, we start with the expression for the thermo- 
electric power of a normal-superconducting thermo- 
couple of the same metal in terms of the Thomson 
coefficients of the two states: 


dE T (an—G) 
—= , ——_—<f, (10) 
dT 0 T 

2... Tisza, “Theory of Superconductivity’ RLE M.LT. 


Technical Report (1950); also Phys. Rev. 78, 342A (1950). 
8 J. de Launay and M. C. Steele, Phys. Rev. 73, 1450 (1948). 
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Fic. 8. Log-log plot of E 
as a function of 1—(7/T,)*. 
O, lead (0.018-in. diam- 
eter); @, lead (0.032-in. 
diameter); a, tin; Y, 
indium (0.011-in. diame- 
ter); M, indium (0.014 in. 
diameter); X, thallium. 
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where o is the Thomson coefficient. From the free 
electron theory of metals" 


—2yT on 
ea EAE IC SEES ’ 
Uo) 


3e 3e 
where yT is the electronic contribution to the specific 
heat of the metal, e is the electronic charge, /(£) is the 
mean free path of the electron with energy &, /’() 
=dl/dé, &) is the Fermi energy and & is Boltzmann’s 
constant. If the term involving the mean free path is 
neglected, we can write for the normal state: 


(11) 


On= — 2ynT /3e. (12) 


Now we shall assume tentatively that a relation of the 
form of Eq. (12) holds for the superconducting state. 
For y, we shall further assume the relation: 


y.=37,T7/T?, (13) 


which can be derived" from the Gorter-Casimir theory 
and a parabolic relation for the threshold field. It 
would then follow that 


O,= —2ynT?/eT 2. (14) 
From Eqs. (10), (12), and (14) and the boundary 
condition E=0 at T=T,, it would follow that 


E= (y.72/6e)[1—(T/T.)* F. (15) 


It is noted that Eq. (15) indicates exactly the same 
temperature dependence as that predicted by Kok’s 
relation (as expressed by Eq. (9)). Since the present 
experimental results disagree with Eq. (9) or (15) it 
behooves us to seek the fallacious assumption in the 
above development. The most vulnerable point in the 
derivation of Eq. (15) is the assumption that o,~0, 
but is, in fact, given by Eq. (14). The experimental 
results of Daunt and Mendelssohn" show that ¢,=0 
(at least for lead). 


“FF, Seitz, Modern Theory of Solids (McGraw-Hill Book 
Company, Inc., New York, 1940). 

16]. G. Daunt and K. Mendelssohn, Proc. Roy. Soc. A185, 
225 (1946). 
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Summing up this situation, we find that the following 
paradox presents itself. Whereas y, as expressed by 
Eq. (13) leads to a successful explanation of specific 
heat behavior, the same expression combined with the 
free electron theory relation for o leads to an incorrect 
explanation of thermoelectric behavior. 

The above discussion raises the question as to how 
adequate a phenomenological explanation for the data 
can be obtained if it is assumed that ¢,=0, instead of 
being represented by Eq. (14). Pimentel and Sheline'® 
have recently considered such a situation for the 
analysis of thermocouples composed of two different 
metals, one superconducting, the other normal. From 
Eqs. (10) and (12) and the assumption ¢,=0, we obtain: 


E=(yaT2/3e)[1—(T/T.)*]. (16) 


Equation (16) does not exhibit any inflection point, 
and dE/dT+#0 at T=T,. It should also be noted that 
Eq. (16) is in no way dependent upon the parabolic 
relation for the threshold field. In fact the magnetic 
field does not enter into the derivation of Eq. (16). 

If we designate Ey as the value of E for T equal to 
the absolute zero, it follows from Eq. (16) that 


Eo= nT 2/3e. 


It is of interest to note that Ey as given by Eq. (17) is 
exactly twice as large as the value that would be 
obtained if Eq. (15) were valid. 

A quantitative test of the form of Eq. (16) can be 
obtained from the experimental results by plotting E 
as a function of [1—(7/T,.)*] on a log-log basis. There 
should result a straight line with a slope of unity for 
each element investigated. Figure 8 shows such a log- 
log plot of the data. It is of interest to note that a 
single line represents the data for both tin and thallium: 
Within experimental error the slope of each line in Fig. 8 
is unity. Values for Ey are obtained by extrapolation of 
the lines shown in Fig. 8. Having obtained Eo, we can 
compute y, from Eq. (17). In Table II numerical 
values of Ey and 7, are given for the elements investi- 
gated. The y, values obtained in this way can be 
compared to those determined thermodynamically from 
magnetic threshold data by Daunt, Horseman, and 
Mendelssohn.® Corresponding values of yn given in 
Table II show good agreement only for lead. If one 
considers that Eq. (11) is derived from a free electron 


(17) 


TaBLe II. Values of Zo and yn. 








‘yn X10* cal/mole/(°K)* 
Eo X108 volts Present data Daunt et al.* 


7.0 


Te°K 


Lead 7.26 59. 7 
Tin 3.72 3 
Indium 3.41 10. 
Thallium 2.40 5. 
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9 
es) 
8 


7 
JZ 
w 4 
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* See reference 9. 


16 G. C. Pimentel and R. K. Sheline, J. Chem. Phys. 17, 644 
(1949). 
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model, it is perhaps not surprising that the agreement 
is no better than to order of magnitude for the value 
of yn. It is also possible that the term involving the 
mean free path in Eq. (11) is not negligible. For 
example, if /’(&)//(£>) were independent of temperature, 
but not negligible, Eq. (10) would lead to: 


Té kx? sl’ (Eo) ry? 
=] Ge -G)} 

3e 2 1(&) Te 
Equation (18) still preserves the parabolic relation 
which fits the experimental data nicely. In order to 
compute 7, from Eq. (18) one would need information 
about the behavior of the mean free path at low 
temperatures. Unfortunately the quantity /’(&)/J(é) 
has not been determined theoretically to date. The 
differences in the y, values shown in Table II and the 
good fit of experimental data to a parabolic temperature 
relation suggest (using the free electron model) that the 
quantity /’(£))/1(£) may be independent of temperature 
rather than negligible. In fact, if we accept the yn 
values of Daunt, Horseman, and Mendelssohn’ and 
use the experimentally determined values of Ep it is 
found that 

|U(&o)/U(Eo) | ~0.1 ev 


for each of the elements used. 


VI. EFFECT OF IMPURITIES 


In the course of obtaining the data there was occasion 
to investigate the effect of small amounts of impurity 
on the value of EZ. Since the effect observed was so 
marked it was thought to be significant enough to 
include the data in this paper. Figure 9 shows a com- 
parison of the results for pure and impure lead. The 
major impurity in the impure lead was tin (~1.5 
percent). It is seen that the maximum voltage observed 
was a factor of five smaller than the corresponding 
voltage for the pure material. In addition, the data for 
impure lead could not be fitted satisfactorily to a 
parabolic relation of the type given by Eq. (16) and 
hence was omitted from Table II. 


VII. COMPARISON WITH PREVIOUS RESULTS 


Keesom and Matthijs* had measured £ as a function 
of T for tin and indium by an entirely different pro- 
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Fic. 9. Effect of im- 
30 purities on the results 
for lead. The dashed 
curve represents results 
for lead of 99.98 percent 
purity, while the solid 
circles give the values 
obtained for lead of 
approximately 98 per- 
cent purity. 











cedure. Comparison of results shows that for tin (Fig. 5) 
there is an order of magnitude difference between the 
present data and the data obtained previously. For 
indium (Fig. 6) the two sets of data are at least in 
agreement to order of magnitude. Part of the disagree- 
ment in the case of indium may be due to the different 
superconducting properties of the samples. Because of 
the serious disagreement in the case of tin, this labora- 
tory has undertaken to repeat the measurement for tin 
with an arrangement similar to that used by Keesom 
and Matthijs. The results of that independent investi- 
gation” were in very good agreement with the data 
given in the present paper. 


VIII. CONCLUSIONS 


The results obtained in this investigation for the 
temperature variation of the thermoelectromotive force 
of a superconducting-normal junction of the same metal 
are consistent with a relation derived from Fermi-Dirac 
statistics and the assumption that the Thomson coeffi- 
cient of the superconducting state is zero. It is proposed 
that the disagreement between experimental results 
and Kok’s hypothesis may be due to interaction 
between electrons and lattice in the superconducting 
state. 

The author wishes to express his appreciation to Dr. 
R. T. Webber for having suggested this problem, and 
to Mr. M. F. M. Osborne for profitable discussions 
relating to theoretical interpretation. Thanks are also 
due to Mr. J. Babiskin for help in making many of the 
measurements, 


"17 R. T. Webber and M. C. Steele, Phys. Rev. 79, 1028 (1950). 
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Small Angle Diffraction of Light by a Glass Cube 
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Experiments on the diffraction of light by a glass cube failed to yield results compatible with a theory 
of Halpern and Gerjuoy. Although it is possible that the anomalously large amount of scattering predicted 
by the theory could have been counteracted by the effects of the clamping of the cube, this seems very 
unlikely. The remaining alternative appears to be that the use of Born approximation in the theory is 





unjustified. 





I. INTRODUCTION 


N a recent paper by Halpern and Gerjuoy' a formula 

is derived which is applicable to the diffraction of 
light from a glass parallelopiped, provided the index of 
refraction of the surroundings is close to that of glass. 
When the incident wave is travelling in a direction 
which is within 0.2° of being parallel to one of the faces, 
a very large amount of small angle scattering is pre- 
dicted in the plane perpendicular to this face and 
containing the direction of the incident beam. For a 
cube of edge ZL, their formula for the differential 
scattering cross section can be written 


' sin?(rLq:i;/d) sin*(rLq-ie/d) 


r 
o(6, ¢)=—(1— 2)? : 
>a (wLq-1;/r)? (aL q-i2/d)? 





sin?(#Lq: i3/A) 
(xrLq- i3/A)? 


In this expression A is the wavelength of the light, yu is 
the index of refraction of the glass relative to its 
surroundings, and iy, ie, is represent unit vectors in the 
directions of three mutually perpendicular edges of the 


<\ 
ls4& 
Fic. 1. Quantities involved in the scattering of light 
by a glass cube 


1 O. Halpern and E. Gerjuoy, Phys. Rev. 76, 1117 (1949). 


cube, as shown in Fig. 1. The vector 
q= k,— ky 

is the difference between unit vectors in the directions 
of the scattered and incident waves, and, for small angle 
scattering, its magnitude is easily seen to be the scat- 
tering angle @. If the vector kp lies in one face, as 
required for the anomalous effect sought in this experi- 
ment, Eq. (1) becomes 


sin?(rL@ cosd/d) 
(xL@ cosd/)? 


r 
o1(8, 6) =—(1—p?)?L® 
- 


sin*(rLé@ sing sina/A) sin®(rLé sing cosa/d) 
(xL@ sind cosa/d)? ’ 





(xL@ sing sina/d)?* 


where a is the angle between kp and one of the edges 
of the face containing ko, as shown in Fig. 1. At ¢=0, 
the direction for which large scattering is predicted, 
this equation reduces to 


o1(0, 0) = (w?/A*)(1— y?)*L8 sin*(wL0/A)/(4L0/X)*?. (3) 
To appreciate the magnitude of this quantity, com- 
pare this scattering with the diffraction of light by a 
square aperture. If i; and i, represent unit vectors in 
the directions of the sides of a square, the differential 
cross section for the aperture is? 
L‘ sin?(#Lq-i;/d) sin?(rLq: is/d) 
XN (eLqrin/d)? — (wLqein/d)? 


where L, here, represents the length of a side of the 
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Fic. 2. Schematic diagram of the apparatus showing (a) the 
light source view of the slit illustrating its orientation with 


respect to the glass cube, (b) the assembly of the apparatus, and 
(c) the clamp for the glass cube. 


2 E.g., Max Born, Optik (Verlag. Julius Springer, Berlin, 1933), 
p. 157. 
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SMALL ANGLE DIFFRACTION OF LIGHT 


Fic. 3. Expected 4 iene of the image, according to the 
theory of Halpern and Gerjuoy. This picture is a double exposure 
of two single slit diffraction patterns. The central image is blocked 
out. 


square. For small angle scattering in a direction parallel 
to one of the edges, Eq. (4) becomes 
o2(0, 0) = (L4/)?) sin?(xL0/d)/(2L0/X)?. (5) 


Equations (3) and (5) are identical except for the 
multiplicative constants, the scattering by a glass cube 
being greater by the factor 

o1/o2= F(1— pw?) L202/d,§ = 4? PL t/d?, (6) 


where A,=A/y, is the wavelength of the light in the 
glass cube, and 6=y—1 is considered to be small 


compared with unity. If Z=0.5 cm, \=5.89X 10-* cm, 
and yw ,=1.517 (the values used in this experiment), 
o;/o2=1 when 6=8X10~-*. If the index of refraction of 
the glass cube relative to its surroundings is as large as 
1.001, then o;/02=1.5X10*. This result is astounding 
in its magnitude and one that should be easily and 
strikingly observable. 


Il, THE EXPERIMENTS 


The apparatus used in the attempt to observe this 
effect is illustrated schematically in Fig. 2. Light from 
a sodium arc collimated by the slit and lens Z; and 
restricted by a square aperture 8 mm on a side, illumi- 
nates the 5-mm glass cube immersed in liquid, and is 


Fic. 4. Diffraction pattern of a glass immersed in anisole, using 
a tipped slit for the light source. 


269 


converged to the focus of the 85-cm focal length lens 
I2, where it can be viewed with the eyepiece Zs or 
recorded photographically. 

The adjustment of the collimating system was 
accomplished with the aid of a telescope equipped with 
a Gaussian eyepiece. The maximum angular spread in 
the beam due to error in positioning the slit in this 
manner is certainly less than 2’, a fact verified by 
photographs taken with lens Z2 absent. Since Halpern 
and Gerjuoy predict a large fanning of the beam for 
angles as large as 12’ between ky and the face of the 
cube, this beam may be considered well collimated for 
the experiment.’ 

The 5-mm cube was mounted in the “C” clamp 
illustrated in Fig. 2c, which fitted snugly into an absorp- 
tion cell filled with a liquid. The glass was crown glass 
of index 1.5170, which we are able to match quite 
closely with anisole, whose index is 1.5173. By adding 
a small percentage of kerosene it was possible, judging 
from the difficulty of visually locating the cube in the 
liquid, to match the index more closely than this. 

As shown in Fig. 2a, the slit was tipped with respect 
to the cube. With this arrangement, only a small area 


Fic. 5. Diffraction 
pattern of a glass cube 
immersed in anisole, us- 
ing a point source. 


of the slit illuminates the glass cube at the correct 
angle, and the image sought should have the appearance 
of Fig. 3. As the turntable is rotated, the horizontally 
diffracted streak should move up or down the slit. 

In the photograph shown in Fig. 4 no sign of the effect 
sought can be seen. A comparison of this photograph 
with photographs made first with the cube absent, and 
secondly with the cube replaced by an opaque object, 
indicates that what is observed is simply a combination 
of the diffraction by the square aperture and by the 
two slits formed by the edges of the glass cube and the 
edges of the square aperture. 

It is important to note that the angle made between 
the critical surface of the glass cube and the light 
coming from one end of the slit differs by 1.5° from the 
angle with which light from the other end of the slit 
strikes the face of the cube. Since the fanning out of the 
beam is predicted for light making an angle as large as 
+0.2° with one face, the image should be spread out 
for about one-fourth of its length. This would be a 
plainly observable effect. 


* However, see Sec. III of this paper. 
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Examinations of the diffraction patterns, using this 
tipped slit technique, were made visually as well as 
photographically, with the environment of the cube 
provided by numerous mixtures of liquids, including 
some matching the index of refraction of the glass very 
closely (probably |1—|<10~). In no case was any 
sign of the sought-after effect observed. 

The possibility that the orientation of the cube was 
sufficiently in error that none of the light illuminated 
the cube at the appropriate angle can easily be ruled 
out. Images of the slit produced by total reflection of 
the light from the faces of the cube could be seen, and 
the cube was oriented midway between those positions 
which gave symmetric images on the two sides. This 
could be done to an accuracy which guaranteed that 
the appropriate angle of incidence occurred for the 
light originating near the center of the slit. In addition, 
the turntable carrying the tube could be rotated con- 
tinuously during visual observation ; and no effect which 
was not completely symmetrical along all points of the 
slit could be observed, other than that definitely 
assignable to the reflection. 

Although the expected effect is so large that it should 
be immediately apparent, we carried the experiment 
one step further to see if there was not perhaps an 
effect of the type sought but very much smaller. 
Accordingly, a point source was approximated by 
crossing the slit with another. While lacking the obser- 
vational convenience of the previous arrangement, this 
offers the advantage that there is no diffracted light 
from the rest of the slit to mask the effect. In this 
experiment we obtained a series of photographs, one of 
which is shown in Fig. 5, with the cube rotated 6’ 
between each exposure. The only noticeable change 
produced by the rotation was a faint tailing to the right 
in some cases and to the left in others. This did not 
have the symmetry of the predicted effect; and, in 
some cases, the intensity plainly increased after a 
certain distance from the center of the pattern instead 
of falling off steadily. These patterns are completely 
explainable in terms of total reflections from faces of 
the cube, if one takes into account the diffraction by 
the reflecting surface. 

In view of the negative results, it is important to 
examine the experiment very critically for possible 
weaknesses. The glass cube‘ was inspected carefully for 
flaws, first between crossed polaroids, and secondly by 
half-silvering and examining the fringes of equal thick- 
ness.° In the first test a uniform darkness of the field 
indicated no anisotropy in the glass, and in the second 
test sharp straight fringes failed to show any deviations 
from flatness in the surfaces or any inhomogeneities in 
the glass. The number of fringes observed in the latter 
examination indicated a tip of 2’ for the faces examined, 


‘Made for this experiment by Herron Optical Company, 
Los Angeles, California. 

5E.g., Tolansky, High Resolution Spectroscopy (Pitman Pub- 
lishing Corporation, New York, 1947), pp. 141-142. 


but this is of no consequence. Parallelism of the surfaces 
is not critical in the theory of Halpern and Gerjuoy. 

The effect of clamping the cube, as shown in Fig. 2c 
is difficult to evaluate with certainty. A method of 
eliminating this as a factor would be to make a clamp 
of a transparent plastic of index close to that of the 
glass and then to match the liquid to the plastic; or to 
imbed the glass cube in a plastic whose index matched 
its own very closely. However, it is difficult for us to 
believe that clamping on faces which are not the critical 
ones for this experiment can eliminate so completely an 
effect of this magnitude; and neither of these modifica- 
tions has as yet been attempted. 


Ill. DISCUSSION AND CONCLUSION 


A more basic consideration is the effect of a lack of 
parallelism in the light falling on the cube. If the 
collimating slit is not precisely in the focal plane of the 
collimating lens Z; (Fig. 1b), the light will have an 
angular spread as it approaches the cube through the 
square aperture. The experimental procedure followed 
by us ensured an angular spread of less than 2’, and 
since the effect sought requires alignment of the beam 
to within +12’, this would appear to be a well-colli- 
mated beam. However, since the components of the 
beam travelling in different directions, because of this 
effect, would not be randomly phased, it appears 
reasonable to ask whether it is not possible that an 
interference of the scattered light corresponding to the 
various components does not somehow manage to 
obliterate the effect completely. This cancellation would 
have to be postulated as one that persisted down to 
very small angular spreads, because in one set of 
visual observations the position of the collimating slit 
was varied continuously about the focal plane of the 
collimating lens with no appearance of the phenomenon 
sought. 

Furthermore, if this objection is to be raised, it 
applies equally well to the angular apread introduced 
by the diaphragm, which in this case is about 0.4’ for 
the center of the diffraction pattern. 

However, the basic assumption of the theory which 
this experiment is designed to test is that effects of 
this kind can be neglected, provided the angular spread 
introduced is small. As soon as the scattering cross 
section calculated for the cube becomes larger than the 
physical cross section of the cube, the problem becomes 
a multiple scattering problem. The beam passing over 
the latter half of the cube is that scattered by the first 
half and will have introduced into it a small angular 
spread. Under these conditions the objection raised to 
the experiment applies equally well to the theory.® 


* Halpern and Gerjuoy recognized that they were on 


with a multiple scattering problem, but dismissed as a 
possible source of error by stating that, as coherent scattering, 
the angular spread must be less » Bo for incoherent scattering ; 
and that if this is sufficiently small, the “scattered beams are in 
effect reabsorbed in the main beam.” This process cannot be 
expected to give the correct result for the central beam, i.e., for 
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In other words, the use of first-order theory (Born 
approximation) by Halpern and Gerjuoy may not be 
justified. To decide definitely, a quantitative investiga- 
tion of the error introduced by the Born approximation 
is necessary. If this approximation proves valid, an 
examination of the effects of the mounting is called for. 

In any case the theory would be expected to be valid 
for » so close to unity that the problem ceases to be a 
case of multiple scattering, and it is of interest to see 
to what this criterion is equivalent. If the incident 
beam, for simplicity, is parallel to four of the faces of a 
cube, the differential cross section can be obtained from 
Eq. (2) by setting a=0 and plainly has the same form 
as the scattering from a square aperture expressed in 
Eq. (4). The transition to multiple scattering will occur 
when the coefficients of Eqs. (2) and (4) are equal; 
ie., when o1:/o2, as expressed in Eq. (6), is less than 


angles less than \/Z; but it might be expected to do so for larger 
angles. Halpern and Gerjuoy were particularly concerned with 
the angle (A/xL)?, which is about 20’ for the values used here, 
an angle easily observable with the apparatus used. 
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unity. This condition may be written 
5L/Ag< 1/2 py. (7) 


The quantity 6Z is the optical path difference between 
the two paths through the cube and outside the cube. 
It is perhaps surprising to recognize that this problem 
does not cease to be a multiple scattering problem until 
the optical path difference becomes as small as is 
indicated by this equation. In other terms, a glass cube 
immersed in a liquid whose index of refraction matches 
the glass so closely that the optical path through and 
outside the cube differ by only one-tenth of a wave- 
length appears to be as effective a diffracting object as 
an opaque absorber, at least for light striking a face of 
the cube normally. 

It is doubtful whether the index of refraction of the 
fluid ever matched the glass sufficiently closely in this 
experiment to satisfy the criterion of Eq. (7), or whether 
an effect which is the same as the scattering by the 
aperture would have been noticed in this experiment. 

We wish to acknowledge the help of numerous stimu- 
lating discussions with Dr. E. Gerjuoy. 
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On the Maxima of the Patterson Functions 


Pattie HARTMAN AND AUREL WINTNER 
Department of Mathematics, Johns Hopkins University, Baltimore, Maryland 
(Received September 11, 1950) 


For the case of a one-dimensional crystal (and, therefore, in three dimensions as well) it is possible to 
construct a counter-example, realizing the following situation: the electron density is the sum of two mon- 
atomic distributions, but the number of peaks in Patterson’s diagram exceeds three, whereas the standard 
rule would claim at most three such peaks. Consequently, the usual “addition rule of peaks” is false as a 
general mathematical theorem. It follows that the explanation of the empirical success of this rule in crystal- 
lography lacks to date a mathematical basis, that is, a non-empirical foundation. 


I. INTRODUCTION 


‘OR the sake of simplicity, the following remarks on 
Patterson’s diagram will be formulated, as is usual 
since Patterson’s first publications on the subject, for 
the case of a one-dimensional crystal. This simplification 
of the model is not always legitimate in the deduction 
of positive theorems. It will be legitimate in the fol- 
lowing considerations, the results of which will be 
negative in nature. 
Let p(x) be a positive periodic function of period a, 
and let P(X) denote the corresponding Patterson func- 
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Fic. 1. Graph of p(x) for Example 1. 


tion (“auto-convolution”), defined by 


1 a 
Px)=- f p(x) p(x+X)dx. (1) 
a 


0 


Then P(X) is positive, of period a, and even, that is, 
P(X)=P(—X). In Fourier terms, the connection 
between p(x) and P(X) is as follows: If 


p(x) = > F,, exp(—2rihx/a), (2) 
h 





Fic. 2. Graph of P(X) for Example 1, 














P. HARTMAN AND.A. WINTNER 


+a 


| Fi,|* exp(—2xihX/a). (3) 


P(X)= 

What will be referred to as Patterson’s principle are 
certain statements connecting the “peaks” of the graph 
of p(x) with those of P(X). Some of the empirical dis- 
crepancies arising in the applications of this principle 
are usually excused by an appeal to the slowness of the 
convergence of the respective series (2), (3). Such effects 
of slow convergence will not enter into the following 
considerations. In fact, p(x) will be defined directly by 
a graph, rather than by its Fourier analysis (2), and the 
graph of P(X) will then be calculated, without any 
error, directly from (1), rather than from (3). 

The crystallographic literature! contains the following 
principle, which will be called the Patterson principle: 

If p(x) is continuous and has a finite number N of 
peaks (local maxima) on a period, 0<x<a, say at 
X=, Xo, +++, xy, then P(X) can have peaks only at 
(or near) the points X=x,—x,+ka, where 1<m, 
n<N and k=0, +1, +2, ---. 

Some writers do not formulate the principle as 
cautiously as it is formulated above, but state directly 
or by implication,” that P(X) has peaks at, and only at, 
the points X =%_,—%n-+ ka. 





A corollary of the Patterson principle is that P(X) 
has at most V(N—1) peaks on the interval 0< X <a. 
The less cautiously worded form of this principle would 
imply that, if the interatomic distances |x.—4,| are 
distinct for distinct pairs of atoms, then P(X) has 
exactly V(N—1) peaks on the interval 0<X <a. 

It will be shown below that, as a mathematical 
theorem, the Patterson principle is not true. In fact, 
the number of peaks of P(X) on the interval 0<X<a 
can be greater than V(N—1); so that the location of a 
peak of P(X) need not correspond to an interatomic 
distance |x,—x,|. It is known that the number of 
peaks might be less than N(N—1); in fact, Patterson 
has pointed out that peaks can be “hidden or distorted.” 
However, the possibility of an excess of peaks is not 
mentioned. 

To facilitate the calculation of P(X) from (1), the 
counter-examples p(x) will be given as non-negative, 
discontinuous functions. Since (1) shows that the Pat- 
terson function is changed only slightly when small 
changes are made in p(x), it will be clear from con- 
tinuity considerations that the given p(x) can be 
replaced by a positive, continuous function (with two 
well-defined maxima on a period), without invalidating 
the considerations below. 


II. FIRST EXAMPLE 


Let a= 16, and let p(x) have the values 
nd 2, 1, 
on the respective intervals 
0<2x<2, 


25:4<3, 3S2<8, 


The graph of p(x) is given in Fig. 1. 


5<x<6, 6<2<8, 8<%<9, I9<x< ll, 


1i<*<16. 


The Patterson function P(X), belonging to the function p(x) just defined, is continuous; in fact, its graph 
consists of line-segments joining the pairs of points of coordinates (X, P(X)), where X=0, +1, +2, ---, for con- 
secutive values of X. The definition, (1), of P(X) shows that the values of P(X) for 


Xs OQ) eh, 22, 


16 12 11 6 
P(X): oe iN | 
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43, 


+4, +5, +6, +7, +8 


7 6 9 8 10 
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, 


respectively. The graph of P(X) is given in Fig. 2 (abscissae and ordinates are not drawn for the same scale of 


units). 


The Patterson principle predicts that the maxima of P(X) for —8<X<8 will occur at (or near) some or all 
of the points X =0, +6. But it is seen that, while P(X) does have maxima at X =0, +6, it has, in addition, maxima 
at X¥=+4 and at X=8. The maxima at X¥=+4 and at X¥=8 do not correspond to “interatomic” distances. 


Ill. SECOND EXAMPLE 


Let a= 30 and let p(x) have the values 


4, 8, 1, 


1A. L. Patterson, Z. Krist. 90, 517 (1935). 


1, 


2 Compare, for instance, M. J. Buerger, Proc. Nat. Acad. Sci. 36, 325 (1950). 
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on the respective intervals 


O<x<l1, 18%<2, 2<2<5, 5<2<10, 


10<2*<13, 


13<a<14, 14<*<15, 15<2<30. 


A straight-forward calculation shows that the graph of the corresponding Patterson function P(X) consists of 
the linear segments joining pairs of points of coordinates (X, P(X)), where X=0, +1, +2, ---, for consecutive 


values of X. The values of P(X) for 


X: 0, +1, +2, +3, +4, +5, 


are 
WR teas B 
P(X): nt Tak | a Bee é 
30 30 «630 «30 30 


respectively. 


#6, +7, 


+8, +9, +10, +11, +12, +13, +14, +15 


22 21 


0, ap , z CaS Dae | 
30 30 30 


0, 


For.this case, the Patterson principle preaicts that the maxima of P(X) for —15< X<15 will occur at (or near) 
some or all of the points X=0, +12, It is seen that P(X) does have maxima at x«=0, +13, but has maxima at 
X= +10 also. The latter maxima do not correspond to “interatomic distances.” 


IV. COMMENTS 


These examples show that the Patterson principle 
cannot be stated as a mathematical theorem. The errors 
in the usual arguments (see Patterson, 1935) for the 
validity of Patterson’s principle are easy to see. In 
these arguments it is assumed that p(x) is the sum of 
“atomic functions” p(x), ---, py(x), each of period a, 
and each possessing exactly one peak for O0<x<a, the 
peaks occurring say at x=2,, «++, %w, respectively. 
This assumption is satisfied by the functions p(x) 
above. In fact, if, in the first example, p:(x) = p:1(x+ 16) 
has the values 


1, 4 1, 0 
for 
O<2<2, 202%<35, 


3Sx<5, S<2x< 16, 


respectively, and if p2(x)=p:(x—6), then p(x)=p:(x) 
+ p2(x). In the second example, if p1(x)=:1(x+30) has 


the values 
4, 8, 1, 0 

for 
0<<<1, 1s$2<2, 


2<x*<5, 5<x«<30, 


respectively, and if p2(x)=2(x+30) has the values 
0, 1, 5, 4, 0 
for 
0<2x<10,10<*%<13,13<%<14, 14<*<15, 15<*<30, 


respectively, then p(x)=.(x)+p2(x). The standard 
arguments then state that each of the functions 


1 a 
Pam(X) == f pm(%)pa(x+X)dz 
avo 


has peaks at, and only at, X=x,—x,+ka, where 
k=0, +1, ---. This statement concerning Pr»(X) is 





not in general true. It happens to be true if p(x), pm(x) 
is any pair of the functions p:(x), pi(x), pe(x), pe(x) 
occurring in the definition of the first example above. 
But it is not true if p,(x), pm(x) is the pair of functions 
pi(x), pe(x) occurring in the definition of the second 
example above. 

[It is hardly possible to formulate a necessary and 
sufficient condition on p,(x), pm(x) which would ensure 
the truth of the statement concerning Pym(X). A suf- 
ficient, but surely not very useful, condition results by 
requiring the graphs of p,(x), pm(x) to be symmetric 
relative to the vertical lines through their peaks. In the 
case of 3-dimensional crystals, this symmetry require- 
ment becomes an assumption of spherical symmetry. ] 

At the end of the standard arguments, the Patterson 
principle is “deduced” from the identity 


N ON 
P(X)= 2 > Pam(X). 
Even if the objections made up to this point are met, 
the Patterson principle does not follow from this 
identity. This is shown by the first example above. 
[The difficulties involved in attempting to deduce the 
number of peaks of P(X) from the number of peaks of 
each of the summands P,(X) are illustrated by the 
fact that if, in the first example above, p(x) = i(x) 
+ i(x—6) is modified to be p(x) = p:(x)+ p:(x—4), the 
resulting function p(x) has three peaks instead of two. ] 

Since the Patterson principle is not valid as a general 
mathematical theorem, it becomes an open question 
whether or not the principle happens to be true for all of 
the electron density functions considered in crystallog- 
raphy. 

We wish to thank Drs. Gabrielle Donnay and J. D. H. 
Donnay of: The Johns Hopkins University for helpful 
discussions of the crystallographic aspects of the 
problem and of our objections to the classical rule. 
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On the Existence of Rossi Second and 
Third Maxima 
P. K. Sen CHAUDHARY 


Bose Research Institute, Calcutta, India 
October 16, 1950 


ECENTLY the controversial existence of a Rossi second 

maximum has been claimed to be re-established’ along 
with a third maximum. It appears from the results of Hess‘ and 
his co-workers that they obtained some evidence of the third 
maximum at 25 cm of lead, using a triple coincidence arrangement 
similar to that of Clay. We also have definitely established the 
existence of second and third maxima. From a careful analysis it 
seems that the failure of some workers to confirm these maxima 
may be due to overlapping, firstly by oblique showers when the 
three counters are arranged very close together near the absorber, 
and secondly by a greater percentage of side showers of external 
origin when all the three counters without sufficient vertical 
separation are placed far below the absorber for narrow-angle 
showers. Full details will be published soon. We were led to these 
investigations by the correspondences of these maxima with the 
anomalies of RaC gamma-ray absorption in lead reported by the 
author.’ The absorption coefficient between 16 and 20 cm, par- 
ticularly at about 24 cm, was found to be far below the theoretical 
minimum value as shown in Fig. 1, with a rise again after this. 
This was attributed to some neutral particle either emitted by 
RaC or created by a photon. This anomaly almost exactly corre- 
sponds to the third maximum in the d-curve of Bothe* which he 
indicates is due to a long-lived neutretto. Soddy and Russell® 
obtained a hump in the log intensity curve exactly where the 
Rossi second maximum is obtained and they interpreted these to 
be due to some peculiar secondary radiation generated in lead 
and. manifesting itself in this locality. They could eliminate these 
by bringing the electroscope very near the absorber. From these 
correspondences we® suggested that these anomalies and the two 
maxima have the same origin and probably are due to two groups 
of unstable neutral particles of low mass produced by the photon. 
Since RaC gamma-rays are of maximum energy only 2.4 Mev, 
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Fic. 1. Absorption coefficient of the RaC y-ray in lead. 
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therefore these neutral particles might be simply positron-electron 
dipoles behaving like the former before annihilation. According to 
Heitler’ the probability of a positron capturing an electron is a 
maximum when its kinetic energy is 0.5 Mev and consequently a 
positron-electron dipole with very slight interaction with matter 
and with this much energy requires a life only about 10-* sec 
to produce these anomalies and maxima. The two groups may 
be due to two different lives depending on spin. Wheeler® showed 
that a positron-electron can only form an atom of life about 
10~* sec with parallel spin and the probability of its formation is 
one in a million. 

The author is thankful to Dr. D. M. Bose for kindly providing 
laboratory facilities and to the Imperial Chemical Industries for 
the grant of a fellowship. 

1 J, Clay, Revs, Modern Phys. 21, 82 (1949). 

2 E. Fenyves and O. Haiman, Nature 165, 24 (1950), 

*W. Bothe and H. Thurn, Phys. Rev. byt — 

4V. F. Hess, ef al., Phys. Rev. 58, 1011 (1940 

5 P. K. Sen Chaudhary, Ind. J. Phy*. 22, 341 2948); Science and Culture 
, ’ Soddy and Russell, Phil. Mag. 19, 725 (1910). 

7W. Heitler, Quantum Theory of Radiation (Oxford University Press, 


London, 1944). 
* J. A. Wheeler, Ann. New York Acad. Sci. 48, 219 (1946). 


The Cathode Field in Diodes under Partial Space- 
Charge Conditions with Initial Velocities 


A. O. Barut 
Department of Applied Physics, Swiss Federal Institute of Technology, 
Barich, Switserland 
October 27, 1950 


FORMULA has been given by Ivey! which relates the 
cathode field, Z, in a diode under partial space-charge 
conditions to the actual diode current density, /, if the initial 
velocities of the electrons are neglected. We have obtained a 
more general formula, inclusive of the effects of a homogencous 
initial velocity distribution, by a method described below. 
If the velocity vector of an electron is denoted by 
V=f(x)it+hj (1) 
the equations of motion, and those of the electric field, yield for 
the function f(x) the differential equation* 
S24 Sf +h" P=0. (2) 
With the initial condition f(0)=(du;/m) cosy, where “ is the 
initial velocity, the field strength, E(x), and the current density 
can be calculated in terms of f(x) and its derivatives by the re- 


lations 
E(x) =—(m/e) ff’, (3) 
I= pV =—(meo/2e)(ff?+f7f"). (4) 


Yo 
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Fic. 1. Dependence of Z/Es on y¥ for various values of &. 
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Fic. 2. Dependence of E/E¢ on I/Ise for various values of &. 


The solution of (2) when inserted into (3) and (4) gives the 
following general equations* 


(I/Tra)t= (1— 2y)(1+-¥)!— (E— 2) (E+)! (5) 
E/Eo= (4/3)[((1— 2) (1+¥)E+v)!—(E-2W(E+W)] © 


Here J, is the saturation current density with zero initial 
velocities according to Child’s law 


Tra = (4¢0/9d*) (3 /m)tu,8. 


Eo is the value of E in the absence of current flow (i.e., is equal to 
ta/d), & is the relative initial velocity of the electrons 


&=(u;/tta)t cose (7) 


and y is a parameter specifying the degree of space charge. For 
y= it follows that E=0, so that the space charge is “‘com- 
plete,” and for y>«, E=E,(J=0). With increasing current 
density y decreases from © to —£ and the cathode field decreases 
from t%./d to zero, as is indicated in Fig. 1. 

In the general case a relation between J and E can be obtained 
by elimination of y between Eqs. (5) and (6), the nature of the 
result being shown in Fig. 2. For zero initial velocities (¢=0) the 
formula of Ivey is regained 


nai [-Fe -=)}}. 8) 


The solution of (2) also permits one to calculate the transit 
times of electrons with initial velocities, and the electron paths 
for oblique emission under partial space charge.* 


1H. F, Ivey, Phys. Rev. 76, 554 (1949). 
2A. O. Barut, Z. Angew. Math. u. Phys. (to be published, 1951). 


Diverging Integrals in the Self-Charge Problem 
J. McConne.i 


St. Patrick's College, Maynooth, Ireland 
November 27, 1950 


HE polarization of the vacuum arising from the virtual 
production of electron-positron pairs by an electromagnetic 
field was examined by Schwinger, who found that the current 
induced in the vacuum contains a part which leads to a loga- 
rithmically divergent but unobservable charge renormalization in 
the current producing the electromagnetic field. In an investiga- 
tion of the polarization of the vacuum by the virtual formation 
of particles with spin zero, Jost and Rayski? again found that the 
induced current includes a logarithmically divergent self-charge 
term, which moreover has the same sign as that occurring in 
Schwinger’s result. In the calculation of the current induced by 
the virtual formation of particles with spin 1 having vector 
coupling with the electromagnetic field, Feldman’ obtained a 
quadratic divergence in the self-charge term. He therefore con- 
cluded that the cancellation of the diverging self-charge cannot be 
effected by any superposition of real fields with spin 0, }, and 1, if 
no formal regularization procedure is applied. 
We have performed the calculation for spin 0 and spin 1 
independently, and wish to draw attention to some points in the 
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manipulation of the divergent integrals. For convenience we shall 
quote from Feldman’s paper. In the case of spin 1 he gives the 
self-charge term of the induced current 


a/4x-($1—492)T u(x), 
where J,(x) is the current producing the external field, 
$.=1/im?- [~ exp(ims) /2?-<(a)ds, 


$= J explim*s)/2-«(s)ds, 
ez)=2/|2|, a=e*/4e, h=c=1. 


Now these integrals have singularities at z=0. Integrating from 
— © to —z9’ and from z to © we deduce that 


G,=2+-I2+1/im*- (1/so—1/z0'), 
m 


(1) 


lim 
—O, 20" 
$:= —lim  (logym*sy+logym*s’), 
so—0, 20’ —+-0 
where 
>= 1.78. 


Expression (1) is equivalent to 


{2+-452+1/im?- lim (1/zo—1/z0")} (a/4x)J y(x). (2) 
2-0, 20’ 0 


The most strongly divergent terms are imaginary and so must be 
excluded for physical reasons. In order to make them vanish we 
are obliged to take the principal values of the diverging integrals, 
that is, we must put 29’=z9. Then (2) becomes 


{2— lim log-ym*zo} (a/4r)J,(x), 
»—0 


(3) 


which diverges logarithmically. 
The part of the current induced in the vacuum through the 
formation of electron-positron pairs, which corresponds to (3), is 


—(a/6n)J (2) f exp(im,ts)/s-e(s)ds 

= lim (logym.*so)-a/3m-J,(x), (4) 

0 

where m, is the electron mass. The sign of the logarithmic diver- 
gence is different in (3) and (4). Thus on admitting principal 
values—which, however, is an additional prescription—it will be 
possible to cancel the self-charge effects by a superposition of 
fields of particles with spins 4 and 1, or indeed by a superposition 
of fields with spins 0, 4, and 1. 

However, the advantage gained by the compensation of the 
self-charge term is offset somewhat by the fact that in the case 
of vector mesons under consideration there appears also a di- 
verging term 

—(a/24rm*) 9:0 (x), 
to which no term corresponds in the spin 0 or spin § cases. 

I am indebted to Professor W. Heitler, University of Ziirich, 
for helpful comments. 

1 J. Schwinger, Phys. Rev, 75, 651 (1949). 


2R. Jost and J. Rayski, Helv. Phys. Acta 22, 457 (1949). 
+ D, Feldman, Phys. Rev. 76, 1369 (1949) 


Cerenkov Radiation Counter for Fast Electrons* 
Joun MARSHALL 
Institute for Nuclear Studies, University of Chicago, Chicago, Illinois 
November 24, 1950 


prnprcsars have been made by Getting' and Dicke? to use 
Cerenkov radiation as a means of counting fast charged par- 
ticles. Also recently Jelley® has reported Cerenkov detection of 
cosmic-ray particles. This letter is a description of an arrangement 
with which fast electrons, produced by the 48-Mev bremsstrahlung 
of a betatron, have been counted by the Cerenkov radiation which 
they produce i in Plexiglas or Lucite. The work was undertaken 
in the hope of developing a velocity discriminating detector to 
be used with the 450-Mev proton synchrocyclotron under con- 
struction at the University of Chicago. 
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Fic. 1, Counter arrang 


The arrangement is shown schematically in Fig. 1. The block, A, 
is a lead collimator through which electrons from a thin (}-in.) 
radiator in the betatron beam enter the system. The radiator, B, 
is made of Lucite or Plexiglas. It is a figure of revolution generated 
by rotating a circle around an axis in its plane, but not through 
its center. The radius of curvature, r, is so chosen as to focus 
the Cerenkov radiation into a sharp ring with a radius of approxi- 
mately 2p, where p is the radius of a cylindrical reflector, C, made 
by silvering a piece of large diameter glass tubing on its inner 
surface. The cylindrical reflector focuses the light on the axis of 
the system at F where, in principle, a photo-multiplier could be 
placed to count the incident particles. Because of noise, it is 
much preferable to use a fast coincidence system operated by 
two photo-multipliers. To focus the light on two multipliers, 
two plane mirrors, D, are used. The photo-multipliers are of 
type 931-A. 

The coincidence and counting circuit can be described briefly 
as follows. The pulse out of each multiplier was clipped with a 


Photocathode position , inches from end 
3 2 


Ps SLOSS | ni A 


oe purror 





rs) 
} 


(sotropic source, uranium As 
on stilbene at O 
im figure 1 


of Coincidences 





4 


relative number 











ny ——— 
degrees rom axis of system 


Fic, 2. Angular dependence of coincidence rate. 
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9-in. length of 173-ohm coaxial cable shorted at its far end, and 
was fed into two Spencer-Kennedy distributed amplifiers in 
cascade through 173-ohm line. The impedance level was reduced 
to 100 ohms at the output of the second amplifier and the pulse 
was clipped again to reduce its width, which at this point was 
broadened somewhat by the amplifiers. The pulses were then 
limited in height by a series crystal diode carrying current in a 
direction opposite to that in the pulse. Finally, the pulses in the 
two channels were combined at the center of a length of 100-ohm 
line and fed through a crystal discriminator to a linear amplifier, 
discriminator, and scaler. This coincidence circuit is similar in 
principle to one rumored to have been developed by Bell and 
Jordan. 

The Cerenkov counter was set up so that fast electrons, 
emitted from a lead radiator at about 0.1 radian from the forward 
direction of a collimated x-ray beam, could enter the system 
through its collimator after being deflected slightly by a small 
magnet. The direct x-ray beam was absorbed in 16 in. of lead. 
Coincidences were observed and it was found that the insertion 
of enough line in either channel to delay the pulse by 2X 10~* sec. 
reduced the counting rate by a factor 6. The same coincidence 
circuit excited by uranium betas on stilbene had its counting 
rate reduced by the same factor by a time delay of about 4x 10~* 
sec. It is apparent that the light pulses are quite short. It is felt 
that the resolving time obtained is as short as can be expected 
from the system even from an infinitely fast light pulse. 

The counting rate was linear with betatron intensity as indi- 
cated by an ionization chamber. An absorption curve in iron 
taken with good geometry gave a relaxation length of 3.30+0.1 
cm, which indicated an effective x-ray energy of approximately 
30 Mev. 

The position of the multiplier tubes was varied to measure 
the angle of emission of the light from the forward direction of 
the electrons. The results are given in Fig. 2. The Cerenkov angle 
for Lucite (n=1.5), with particles of velocity C, should be about 
48°. The observed angle indicates a slightly higher index of re- 
fraction which may perhaps be explained by assuming that most 
of the effective light is in the ultraviolet. 

A two stilbene crystal coincidence absorber arrangement which 
should give approximately 100 percent counting efficiency for 
electrons above 5 or 6 Mev counted at ten times the rate of 
the Cerenkov counter in the arrangement used. At higher electron 
energies, the Cerenkov counter should be considerably more 
efficient than the 10 percent indicated here because of the longer 
electron ranges and reduced scattering to be expected. A variation 
of the arrangement described here will be tried with protons from 
the cyclotron when it comes into operation. 


* Work supported in part by the ONR and AEC. 
11, A. Getting, Phys. Rev. 71, 123 (1947). 

?R. H. Dicke, Phys. Rev. 71, 737 (1947). 

4J. V. Jelley, Harwell Nuclear Physics Conference (September, 1950). 


Magnetic Shielding of the Proton Resonance in 
H,, H,O, and Mineral Oil* 
H. S. Gutowsky AnD R. E, McCLure 


Noyes Chemical Laboratory, University of Illinois, Urbana, Illinois 
November 30, 1950 


E have measured the differences in magnetic shielding of 

the proton magnetic resonance in He, H,0, and mineral 

oil (Nujol). These particular results are reported at this time 

because the proton resonances in water and mineral oil are used 

frequently as standards. The theoretical value’* for the magnetic 

shielding in Hz can be combined with these data to reduce other 
observations to the unshielded proton. 

Experimental procedures were similar to those described pre- 
viously.2 A major improvement was made by reducing the total 
variation in the field of the permanent magnet to 0.15 gauss over 
a volume 2 in. in diameter and 1 in. thick. Half-maximum line 
widths of from 0.03 to 0.08 gauss were observed in these experi- 
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ments, using 30-cycle modulation. Measurements were made 
with a dual system, excited by a single oscillator at 27.2 Mc, and 
incorporating two samples in separate probes in the field. The 
difference in resonance magnetic fields for the two samples was 
obtained by measuring alternately the dc field-biasing current 
necessary to center first one resonance on an oscilloscope and then 
the other. The small difference in the applied fields at the two 
samples, due to residual field in homogeneities, was cancelled in 
the case of HO versus mineral oil by interchanging samples. 

The effects of bulk diamagnetism are appreciable. The field, Hi, 
in the sample will differ from the applied field Ho, by an amount‘ 


Hi; — Ho= ($4— a) cH = ($4—a) cH. 


Here « is the volume susceptibility of the sample, and a is the 
demagnetization factor which is 2 for an infinite cylinder and 
4/3 for a sphere. Spherical samples are indicated but experimental 
difficulties prevented their use. Instead, “infinite cylinders” 8 in. 
long and } in. in diameter were used for H,O and mineral oil. 
Diamagnetic corrections were made using an @ of 2” and «’s of 
—0.70 and —0.65+0.05X 10~* cgs units for H,O and mineral oil 
respectively. The mineral oil « was estimated from hydrocarbon 
data. « for H: may be neglected. 

H: was observed at 30 atmos in the pressure probe shown in 
Fig. 1. A photograph of its resonance and that of mineral oil is 
reproduced in Fig. 2. The phasing of the 30-cycle voltage on the 
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Fic. 1. Pressure probe for nuclear magnetic resonance experiments 
with gases. A null-7 rf bridge was used with this assembly. 


x-axis of the oscilloscope is adjusted to superimpose the first 
relaxation wiggle; this provides a sharper setting point than the 
resonance line itself. The pressure and reference probes were 
mounted rigidly in the gap. A length of #y-in. copper tubing con- 
nected to the bottom inlet of the pressure probe was used to 
introduce, or remove hexane from the sample cavity. By com- 
paring its resonance field with that of a hexane sample of the 
same shape in the reference probe, the difference in applied 
fields at the two positions was obtained. In all experiments with 
H;, the sample in the reference probe was contained in the same 
Pyrex tube, 8 mm internal diameter and 8 in. long, with a thin 
glass barrier at the middle, and placed in the same position with 


Fic. 2, Proton magnetic resonance lines in Hs gas at 30 atmos (top) and 
mineral oil (bottom). The phasing of the 30-cycle reference vol 

oscilloscope x-axis is adjusted to su ogumsoer the first relaxation wiggles 
to provide a sharper setting point. Total modulation sweep is about 0.75 


gauss. 


the glass film below the bottom of the rf coil. For “infinite 
cylinders” the whole tube was filled. 

The results are summarized in Table I. The stated errors are 
probable errors, which include the calibration of the field-biasing 
current, uncertainties in the diamagnetic corrections, and the 
probable error of the measured field-biasing currents themselves. 
The H,O versus mineral oil results are in good agreement with 
those of Lindstrém,’ whose data are equivalent to the applied 

of the proton resonance in Hs, HzO, and aoe! ot ot 


Taiz 1. Magnetic shielding 
97.1 Me (6365 suse). The applied Seid for mineral oil i higher than for Hs. Field 
differences are in gauss. 








Fractional 
effect for 
“infinite 

cylinders” 

0.0150-+0.0010 (2.30.15) x10-* 


—0.007540.0010 (—1.2+-0.15) 
0.0000-+-0.0020 (0.00.3) 


Difference in 
applied field Fractional effect 
corrected for corrected for 





Sample 
Mineral oil 0.0235--0.0020 (3.70.3) x10-* 


HO Or ee led) 0.0020-4-0.0020 (0.3.0.3) 
Ha (g, 30 atmos) 0.0000+-0.0020 (0.00.3) 








field for H,O being less than that for paraffin oil by the fractional 
amount 4.1+3.0X10~*. The absolute value of the proton mag- 
netic moment is virtually unaffected* by the results reported 
herein, because differences in magnetic shielding constitute only 
about five percent of the stated error in the most recent de- 
termination.’ 

We wish to thank C. J. Hoffman for his assistance with several 
of the measurements. Equipment was provided by a Grant-in-Aid 
from Research Corporation. 


* Supported in part by the ONR. 

1N. F. Ramsey, Phys. Rev. 78, 699 (1950). 

2G. F. Newell, Phys. Rev. 80, 476 (1950). 

*H, S. Gutowsky and C. J. Hoffman, Phys. Rev. 80, 110 (1950). 

4W. C, Dickinson, Ph.D. t MIT, Cambridge, Massachusetts (1950). 

5G. Lindstrém, Phys. Rev. 78, 817 (1950). 

* The value obtained in reference 7 cannot be compared directly with 
these data as their water sample contained ferric ions. 

7 Thomas, Driscoll, and Hipple, Phys. Rev. 78, 787 (1950). 


The Production of «-Mesons in Proton-Proton 
Collisions 
J. C. Gunn, E. A, Power, anp B. Touscuex 
Department of Natural Philosophy, Glasgow University, Glasgow, Scotland 
November 13, 1950 
ECENT measurements! on the production of x-mesons in 
345-Mev p—>? collisions have shown that the spectrum of 
the mesons has a strong maximum near the upper energy limit. 
This has been attributed to the interaction between the resulting 
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proton and neutron and to the possible formation of a deuteron.? 
The cross section in the laboratory system was estimated to be 
20 10-* cm*/sterad-Mev in the forward direction.* 4 

We have carried out calculations which confirm this interpreta- 
tion. A phenomenological interaction between nucleons has been 
assumed, following Foldy and Marshak.‘ It proves to be im- 
portant, however, to give a more accurate account of the nuclear 
wave functions. The method employed is similar to that used by 
various authors® for the discussion of bremsstrahlung. The inter- 
action Hamiltonian 


H'= { y*(x)Qo(a)v(x)de 


between the nucleon and the meson field is written as 
2 
‘= *Z Q: i 
H’= ff Gs" 2 Qeb(edvondsr 


in terms of the two-particle wave functions Yo and yy of the initial 
and final state. For nonrelativistic nucleons the 8-component 
spinor functions can be reduced to 4-component Pauli functions 
by a procedure in which a certain allowance is made for negative 
energy contributions. For the nonrelativistic approximation solu- 
tions of the appropriate Schrédinger-Pauli equation with empirical 
potentials Vo and Vy can be taken. Serber’s suggestion for zero 
interaction in odd states was adopted, but recent refinements in 
the p—> interaction were not included. 

Detailed calculations have been carried out for the case of a 
pseudoscalar charged meson with pseudovector coupling. The 
potentials were assumed to be of the Hulthén form 


V=aJ%e-"/(1-e-”) 
for even.triplet (s=3) and even singlet (s=1) states, with V=0 
for odd states. The result for the cross section corresponding to 
the formation of a deuteron is approximately 


do_f b(b*—1) et 
dQ oy? {1+[(b+1)x/2p0}?}? pot 


2) (os 
|2(e M = ue 0 


Here » is the relative velocity of the protons; b= MJ®/x?; 
AJ=J®—J™; k and w are the momentum and energy of the 
meson, and fp is the initial proton momentum. Inserting values 
corresponding to Peterson’s experiments and taking 1/«=1.17 
< 10-" cm one finds that 

do/dQ2=19f?(1—0.7 cos*#) X 10- cm?. 

The isotropic term dominates near the threshold; both terms are 
of the same order of magnitude for 345-Mev protons. It will be 
seen that after transformation to the laboratory system the 
magnitude of the cross section at 30° is of the observed order 
(if an experimental energy resolution of 6 Mev is assumed). At 0° 
the agreement does not appear to be as good. The angular distribu- 
tion depends on the type of meson theory assumed ; the magnitude 
of the cross section is strongly dependent on the internucleon poten- 
tial. Singular potentials give large values for the cross section; 
a square well leads to a reduction by a factor of 50. This is in 
contradiction with the earlier results of Foldy and Marshak and 
illustrates the importance of using a reasonably accurate wave 
function for small separations of the nucleons. 

The transitions to the continuous spectrum of the proton- 
neutron system can be treated in a similar manner. The virtual 
1§-state of the deuteron tends to produce a peak near the upper 
end of the meson spectrum. This peak, however, is completely 
masked by the dominating transitions to a final continuous 
8§-state. The differential cross section is approximately 

do 2f B kM [2y? 8k? 
dwdQ vp* {14+[(b+1)x/2po}?}? po LM? Mpo? 
In the zero momentum system the continuous spectrum consists 
of an isotropic part proportional to the meson momentum, &, 


and a cos*@ term proportional to &*. One finds by integration that 
_the numbers of mesons produced in the discrete and continuous 








cos*s| : 
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spectra are of the same order. This is consistent with the ob- 
servations. 

The calculations here reported will be presented more fully else- 
where. They are capable of immediate extension to other meson 
fields and to more complicated nuclear systems. 

1V. Z. Peterson, Phys. Rev. 79, 407 (1950). 

iW. Barkas, Phys. Rev. 75, 1109 (1949). 

7 wy. Alvarez, Harwell Conference, September, 


L. Foldy and R. E. Marshak, Phys. Rev. 75, 1493 (1949). 
N. F, Mott, Proc. Camb. Phil. Soc. 27, 255 (1931 


Nuclear Audiofrequency Spectroscopy by Resonant 
Heating of the Nuclear Spin System 
N. F. RAMSEY AND R. V. PounD 


Department of Physics, Harvard University, Cambridge, Massachusetts 
November 1, 1950 


N nuclear magnetic induction and resonance absorption experi- 
ments, the sensitivity decreases rapidly with decreasing fre- 
quency’ if the size of the sample being tested is kept constant. This 
decrease in sensitivity is due to various causes including the re- 
duction in the difference in the Boltzmann factor for the states 
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Fic. 1. Audiofrequency spectrum of the LiF in different mi ic fields. 
The ordinate is the ratio of the strong field Li? nuclear magnetization after 
and before the resonant heating of the nuclear spin system in the indicated 
magnetic field. 
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concerned and the reduction in the energy of the photons emitted 
and absorbed. 

Therefore, when one of us (R.V.P.)? discovered the long relaxa- 
tion time of a pure single crystal of LiF, it was suggested by the 
other (N.F.R.) that such long relaxation times make possible a 
new nuclear magnetic resonance technique which would have high 
sensitivity at low frequencies of the oscillating magnetic field. 
With the new method, the crystal is removed from a strong mag- 
netic field for a time short compared to the relaxation time of the 
crystal in the absence of a strong field (15 sec for LiF) and during 
this short time is placed in a weak audiofrequency magnetic 
field. For one isotope of the crystal, the ratio of the nuclear mag- 
netization immediately before and immediately after the removal 
from the strong field is measured? with a radiofrequency spec- 
trometer. This ratio is then observed as a function of the frequency 
of the audio-oscillator. The dependence*of this ratio on the audio- 
oscillator frequency presumably arises from resonant heating of 
the nuclear spin system to a temperature above the low value 
attained by adiabatic demagnetization when the crystal is re- 
moved from the strong magnetic field. 

In this way the audiofrequency spectrum of LiF was studied 
between 20 and 200,000 cycles/sec with the strong field (6376 
gauss) observations being of the Li’ resonance. With audio- 
frequency magnetic fields of about 0.2 gauss, it was found that 
resonant heating did not take place below 100 cycles but did occur 
continuously and completely at frequencies between 1000 cycles 
and 200,000 cycles. However, when the amplitude of the audio- 
frequency field was reduced to 0.018 gauss applied for 3 sec, 
a nuclear audiofrequency spectrum was observed which possessed 
a broad maximum centered at 50 kc aad with a width at half 


maximum of about 45 kc as shown in the lowest curve in Fig. 1. 
The first practical application of the 50 kc audiofrequency 
spectrum of LiF was its indication that the magnetic field reversal 
in the negative temperature experiments described in an accom- 
panying paper® must be accomplished in a time short compared 
to 1/50 of a msec. 

The effect of an external fixed magnetic field on the audio- 
frequency spectrum was also measured and is shown for different 
values of the magnetic field between 0 and 42 gauss in the upper 
curves of Fig. 1. It is of interest to note that the ratios of frequency 
to field for the two pronounced minima of the highest field curve 
correspond to nuclear g-factors 5.2 and 2.2 in surprisingly close 
agreement with the nuclear g-factors 5.26 and 2.17 for F'* and Li’? 
respectively. The reduction of the subsequent Li’ magnetization 
by an oscillatory field appropriate to F' indicates that during or 
subsequent to the application of the oscillatory field the Li and F 
spin systems are in at least partial thermal equilibrium. 

The effect of the external fixed magnetic field on the relaxation 
time in the absence of an audiofrequency field is shown in Fig. 2, 
where the length of time for reduction of the strong field resonance 
by a factor of two is plotted as a function of the strength of the 
weak magnetic field in which the sample is stored. 

1 Bloembergen, Purcell, and Pound, Phys. Rev. 73, 679 (1948). 


?R. V. Pound, Phys. Rev. 81, 156 (1951). 
3 E. M. Purcell and R. V. Pound, Phys. Rev. 81, 279 (1951). 


A Nuclear Spin System at Negative Temperature 
E. M. Purcett AnD R. V. Pounp 
Department of Physics, Harvard University, Cambridge, Massachusetts 
November 1, 1950 


NUMBER of special experiments have been performed with 

a crystal of LiF which, as reported previously,’ had long 
relaxation times both in a strong field and in the earth’s field. 
These experiments were designed to discover the conditions deter- 
mining the sense of remagnetization by a strong field when the 
initially magnetized crystal was put for a brief interval in the 
earth’s field. 

At field strengths allowing the system to be described by its 
net magnetic moment and angular momentum, a sufficiently rapid 
reversal of the direction of the magnetic field should result in a 
magnetization opposed to the new sense of the field. The reversal 
must occur in such a way that the time spent below a minimum 
effective field is so small compared to the period of the Larmor 
precession that the system cannot follow the change adiabatically. 
The experiments in zero field reported above* showed a zero field 
resonance at about 50 kc and therefore the following experiment 
was tried. 

The crystal, initially at equilibrium magnetization in the strong 
(6376 gauss) field, was quickly removed, through the earth’s 
field, and placed inside a small solenoid, the axis of which was 





- 
PS era 




























































































Fic, 1. A typical record of the reversed nuclear magnetization. On the 
left is a deflection characteristic of the normal state at equilibrium mag- 
netization (T ~ 300°K), followed by the reversed deflection (T = —350°K), 
decaying (T--— @) through zero deflection (T = @) to the initial equi- 
librium state. 
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parallel to a field of about 100 gauss, provided by a small perma- 
nent magnet. A 2 wfd condenser, initially charged to 8 kv, was 
discharged through the coil, with 500 ohms in series, in such a 
sense that the field in the coil reversed to about —100 gauss, 
with a time constant of about 0.2 usec and decayed back to the 
original field with a time constant of 1 msec. The crystal was 
quickly returned, through the earth’s field, to the strong magnet 
and the Li’ resonance sampled. The operation could be done in 2 
to 3 sec. A reversed deflection was found and it decayed, through 
zero, to the equilibrium state with the characteristic 5-min time 
constant. A typical record is shown in Fig. 1. 

The state of spin system just after this treatment is thought to 
be properly described by a negative spin temperature. The system 
loses internal energy as it gains entropy, and the reversed de- 
flection corresponds to induced radiation. Statistically, the most 
probable distribution of systems over a fimite number of equally 
spaced energy levels, holding the total energy constant, is the 
Boltzmann distribution with either positive or negative tempera- 
ture determined by whether the average energy per system is 
smaller or larger, respectively, than the mid-energy of the avail- 
able levels. The sudden reversal of the magnetic field produces 
the latter situation. 

One needs yet to be convinced that a single temperature ade- 
quately describes the nuclear spin state. Bearing on this is the 
fact that the crystal passes through the earth’s field after the 
inverted population is produced, on its way back to the main 
magnet. The retention of the reversed magnetization requires 
that the spin-only-state, in the earth’s field, have an inverted 
population and be described by a suitably small (~—1°K) 
negative temperature. Thus a very short time is required for the 
attainment of thermal equilibrium within the spin system itself 
(not the ordinary 72, however). 

A system in a negative temperature state is not cold, but very 
hot, giving up energy to any system at positive temperature put 
into contact with it. It decays to a normal state through infinite 
temperature. 

This and related experiments indicate that the spin system is 
able to follow changes in even a small field adiabatically unless 
they occur in a time presumed to be less than about 20 usec. 


1R. V. Pound, Phys. Rev. 81, 156 (1951). 


?N. F. Ramsey and R. V. Pound, Phys. Rev. 81, 278 (1951). 


Erratum: Experiments on the Effect of Atomic 


Electrons on the Decay Constant of Be’. II 
(Phys. Rev. 76, 897 (1949)] 
R. F, Lemincer, E. SEGRE, aND C. WIEGAND 
Radiation Laboratory, ty wn of Physics, University of California, 
Berkeley, California 
N Fig. 1 we have erroneously plotted 2ée™ instead of 5e* 
indicated on the ordinate scale on the left. The final result is 
in error by a factor 2 and should read: 


\(BeO) — A(BeF 2) = (0.69-+0.03)10-*\(BeO) 
\(Be) — A(BeF2) = (0.84+0.10) 10-*\(Be). 


On the Nuclear Magnetic Moment of Na*’ 
R. A. LoGaN AND P. Kuscu 
Columbia University,* New York, New York 
November 30, 1950 

DISCREPANCY occurs between the nuclear g values of! 

Ga and? In as determined from measurements on the hfs 
spectrum of these atoms in the ground state (71/2) and as deter- 
mined by the nuclear resonance method where the nuclei occur in 
molecules. Foley* has discussed the effect of the partial decoupling 
by the applied magnetic field of the L and S vectors in the *P1/2 
state on the nuclear g-value obtained from observational data 
under the assumption that decoupling does not occur. He con- 
cludes that the diagonal magnetic interaction term mjgiuoH 
which was assumed in finding g; from the experimental data is to 
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be modified by a small perturbation term which is, itself, pro- 
portional to the applied magnetic field. For the cases of gallium 
and indium the apparent g-value determined from the hfs of 
atoms is thus greater than the g-value obtained in the nuclear 
resonance experiments. Foley indicates a satisfactory agreement 
between the observed and calculated values of the discrepancy, 
especially in view of uncertainties in the theoretical calculations 
and a rather large experimental error. 

It is of interest to determine whether or not a similar dis- 
crepancy appears for the case of a nucleus which occurs in an 
atom in the *S;/2 state, where the effect considered by Foley 
cannot appear. A previous measurement‘ has indicated that the 
apparent nuclear g-value of Cs is, indeed, the same within a 
rather large experimental uncertainty when measured in a mole- 
cule and when measured in an atom in the *S;/2 state. A precision 
measurement of the g-value of sodium is reported here. 

Essentially use is made of the fact that certain lines 
(F, m)<>(F, m—1) consist of doublets, one component of which 
arises in the state F= 7+-} and the other one of which arises in the 
state F= ] —4. The frequency separation of the doublet is 2g;40H /h 
and the mean frequency of the doublet permits determination of 
the quantity x=(gs—gr)uoH/hAv, if Av is itself known, and 
hence of g;/gz. The Av of Na® was found to be 1771.631+.0.002 
X 10® sec! by a method previously described* which depends on 
the existence of a maximum in the frequencies of certain lines 
in the hfs spectrum. The doublet (F, 1)<>(F, 0) was observed at 
a field of about 6800 gauss where the mean frequency of the 
doublet is still sufficiently field dependent to permit an accurate 
determination of x and the doublet separation becomes large 
enough (~16X10° sec!) to permit accurate measurement in 
the face of a large over-all frequency (~430X 10° sec~'). We find 
then that 

ga(Na, *S1/2)/g7(Na, *Si/2) = —2488.39+0.15. 

Since® g;(H)/gs(Na, *S1/2)= —15.1927X 10-*+0.005 percent, we 
find gr(Na, *Si/2)/g:(H) =0.26451+0.008 percent. This is to be 
compared with Bitter’s* result g;(Na, mole)/g;(H) =0.26450+0.01 
percent. The excellent agreement indicates that the apparent 
nuclear g-value measured in an atom in the *5;,2 state is, in fact, 
equal to the true nuclear g-value within the diamagnetic correc- 
tion. Since no effect is here observed, it appears that the effect 
discussed by Foley accounts for the entire discrepancy observed 
for atoms in the *Pj/2 state. 

Determinations of the spin g-value of the electron reported 
heretofore depend on a measurement of the ratio of the electronic 
gy of atoms in different electronic configurations. A combination 
of our present result with that of Bitter and with the result of 
Gardner and Purcell’ for 2gz/g:(H) yields g./gz=2(1.00107 
+0.00012) under the assumption that g (Na, *S1/2)=g. and that 
no differential diamagnetic correction is to be applied to the 
nuclear moment of sodium in an atom and in a molecular con- 
figuration. It is of interest that this result does not depend on any 
assumption as to the gy-values of P-states. The result agrees with 
other data on the spin moment of the electron. While it could be 
improved, a very accurate determination is precluded by the 
nature of the assumptions. 


* This research was omonerees in part by the ONR. 
iP. Kusch, Phys. Rev. 78, 615 (1950). 

? Private communication hang W. G. Proctor. 

3H. M. Foley, Phys. Rev. 80, 288 (1950). 


*P. Kusch and H. Taub, Phys. Rev. 75, 1477 (1949). 

*H. Taub and P. Kusch, Phys, Rev. 75, 1481 (1949). 

*F,. Bitter, Phys. Rev. 75, 1326 (1949). 

7 J. H. Gardner and E. M. Purcell, Phys. Rev. 76, 1262 (1949). 


Numerical Evaluation of the Fermi 
Beta-Distribution Function 


D. G. E. MARTIN 
George Holt Physics Laboratories, University of Liverpool, Liverpool, England 
November 30, 1950 


TTENTION has recently been drawn by Feister! to methods 
of calculating the Fermi §-distribution function, 
f(z, 9) =? **e*¥| P(1-+s+éy) |*. 
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An asymptotic expansion of the gamma-function of the complex 
argument has been used by Hall.* 

It does not seem to be widely known that the modulus of the 
gamma-function of the complex argument can be obtained in 
terms of the polygamma-functions of real arguments. 

Let 1+s=<x, a constant, and put x+iy=z2, then expanding by 
a Taylor series: 


Int (e+ iy) = InP (2) +n int (e+iy } 
oy 0 
{= wy} “is 
2 Lay? InI'(x+iy) eg 


y' ”? 
av" @+:> 


are the polygamma-functions which 


; 2. ¥,, 
= In (2) +iyo(2)— TW (2) —Fv"(a)+ 


where ¥(x), ¥’(x), ¥’"(x), «°° 
have been tabulated.’ 
Since 3 
InI'(x+iy) = InRe*=InR+i¢ 
we are interested only in the real part of the expansion, so that 


x 
4! 
This series may be made to converge more rapidly by increasing 


the argument, x. 
Thus 


3 
InR=InI'(x)—5v/(a) + Fw'"(z) = ++. 


y 


2 
InR= InP (241) FW et + 5V"(et 1)—-++—4$ In(x*+-y’) 


since by the property of the gamma-function 
InI'(z) = InI'(s+1) —Inz 
and 
R[In(x+ iy) ]= 4 In(x*+y*). 


This process may be repeated until these terms converge suffi- 
ciently rapidly to give the accuracy desired. In this manner for a 
given value of x (i.e., a given atomic number) a series in y can be 
obtained for easy computation of the gamma-function. 

Thus for Z=82, x«=0.80109 


logioR = 1.252 05 —0.050 26y?+-0.000 44y* 
— $ logio(x*+-y*) [(x+ 1)*+-y? JL (4+2)*+ 9? JL (x+3)*+-y7]. 


I am indebted to Dr. J. C. P. Miller for this method of com- 
putation, which has been used in papers by Martin and Richard- 
son‘ to evaluate Fermi functions for Z=81, 82, 83, 84. 

11, Feister, Phys, Rev. 78, 375 (1950). 

? Harvey Hall, Phys. Rev. 79, 745 (1950). 

+H. T. Davis, Tables of the Higher Mathematical Functions, (Principia 
Press, Bloomington, Indiana, 1933, 1935), Vols. I and II. British Association 
Mathematical Tables. Vol. I. 

4D. G. E. Martin and H. O. W. Richardson, Proc. Phys. Soc. (London) 
LX, 466 (1948); ibid. A195, 287 (1948). 


On the Decay of the «~ Meson* 


L. LepERMAN, J. Tintot,t AND E. T. Bootu 
Columbia University, New York, New York 
November 29, 1950 
HE spontaneous decay of the *~ meson has been observed 
directly in a cloud chamber. The decay mechanism has 
been studied and the mass of the ~~ meson measured. 

The decay of the +* meson at the end of its range has been 
studied extensively in cosmic rays' and with accelerators.? Be- 
cause of the very large probability for capture of the x~ meson in 
nuclei,’ its decay properties can only be studied in flight. 

=~ mesons produced by the bombardment of an internal carbon 
target with 385 Mev protons were collimated by a 2X10 in. hole 
in the six-foot thick concrete shielding. A 16-in. cloud chamber 
with a magnetic field of 4040 gauss was exposed to this beam. 
A preliminary run with a }” Pb plate showed that the beam in- 
cluded fast electrons as well as x~ and ~~ mesons. The most 
probable momentum of the incoming particles was 180 Mev/c. 


Fic. 1, Cloud-chamber photograph of the meson beam showing 
a typical decay-in-flight. 


Fifty cases of apparent decay-in-flight were observed in the 
gas of the cloud chamber (Fig. 1). The requirement for identifica- 
tion was an abrupt deflection of a track by more than 5°. The 
track was required to be well illuminated and at least one inch 
from the walls of the chamber. The most probable angle of 
deflection observed was 12°. With the exception of four ca.es, all 
of the events are consistent, within the experimental errors, with 
the kinematics of decay-in-flight for the process: 


ru +P, (1) 


where Y is a neutral particle of small rest mass. 
Twenty-eight examples were selected for detailed analysis on 
the basis of measurability of both arms of the deviated track. 


TABLE I. Mass measurements of the ~~ meson. 
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_ ® These masses remain imaginary within the limits of the uncertainties 
in the measurements. 
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The momenta before and after deflection were measured with an 
average precision of +12 percent. Angles of deflection were 
measured in space by stereoscopic reprojection to +2°. In the 
case of a r—u-decay-in-flight, the mass of the u-meson is given by: 
my? = m,_*+-2p,*—2pepy COs 

—2{(ms?+ px*)(2*+hu?— 2pePy Cosd)}*. (2) 

Equation (2) assumes that the neutral decay product has zero 
rest mass.? The results of this independent measurement of the 
us mass in terms of the x~ mass are given in Table I. The x~ mass 
used‘ is 276m,. 

The last four masses are obviously not consistent with the 
remaining observations. They are attributed to large angle scatter- 
ing or some other process not consistent with Eq. (1). The weighted 
mean value of the included cases is m,—=210+3m,. When the 
probable error of the #~ mass‘ (+6m,) is included, the weighted 
mean value becomes my—=2102:6m,. This is to be compared 
with independent measurements of the meson masses.*‘ The 
Berkeley work discussed in the last reference gives the most 
precise results for the x*, x~, and w* mesons. Their method was 
not applied to the w~ meson. This is due to the fact that the y~ 
mesons do not originate in the target. 

There is, of course, the possibility that some of the included 
cases belong to other processes than normal r—y-decay. The 
rather small spread in individual values, in view of the errors, 
seems to make this improbable. ; 

The authors wish to thark Professor G. Bernardini for many 
valuable discussions on this letter. Also, we wish to thank Messrs. 
H. Byfield and J. Kessler for their assistance in the taking of this 
data, and Mr. J. Spiro and his staff for the operation of the 
cyclotron. 


* Assisted by the joint program of the AEC and ONR. 

t Now at the University of Rochester, Rochester, New York. 

1 Lattes, Occhialini, and Powell, Nature 160, 453, 486 (1947). 

*See Gardner, Barkas, Smith, and Bradner, Science 111, 191 (1950); 
and Bradner UCRL 486 for excellent summary and a 

* Menon, Muirhead, and Rochat, Phil. Mag. 41, 583 (1950) 

‘Smith, Barkas, Bishop, Bradner, and Gardner, Phys. Rev. 78, 86 (1950). 


Paramagnetic Resonance Absorption in Potassium 
Dissolved in Liquid Ammonia* 
Ciype A. Hutcuison, Jr., AND RicarDo C. Pastor 
Institute for Nuclear Studies and Department of Chemistry, 
University of Chicago, Chicago, Illinois 
November 27, 1950 
T is well known that in solutions of certain metals in liquid 
NH; the metal atoms dissociate into electrons and positive 
metal ions.? The magnetic susceptibilities of these solutions 
have been studied by various workers.*-* 

We have observed paramagnetic resonance absorption in a 
solution of K in liquid NH3. The experiment was performed at 
23°C and at a frequency of 23,700 Mc. A sample of 6.7 10-* cm* 
of the solution containing 4.8X 10~* mole of K (concentration of K 
was 0.7 mole 1~') was placed in a Pyrex capillary and mounted at 
the midpoint of a resonant section of rectangular wave guide 
oscillating in the TE,,o,2 mode. At this concentration the atomic 
susceptibility of K is about that expected for an electron gas free 
to move throughout the volume of the solution.*~* The resonance 
absorption was displayed on an oscilloscope using a sawtooth 
modulation on the repeller of the klystron. Frequencies were 
measured to an accuracy of 1 part in 10‘ by means of a wave 
meter calibrated against harmonics of a 5 Mc crystal controlled 
oscillator using techniques described by Good.* Simultaneously 
the proton resonance frequency in a sample of H,O separated 
from the NH; solution by the wall of the wave guide was deter- 
mined. The g-factors were computed from the measured ratio of 
proton frequency to electron frequency using Taub and Kusch’s? 
value (1.51927+-0.00008) X 10-*, for this ratio for electron spin 
and using 2.0023 as the g-factor for electron spin. The g-factor 
was found to be 2.0012 with an average deviation of 0.0002 from 
the mean of nine measurements. A sample of diphenyl picryl 
hydrazyl [(CsHs)2N—NCsH2(NO:)s] was placed in a similar con- 
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tainer and similarly located and the g-factor was found to be 
2.0037 with an average deviation of 0.0001 from the mean of 
six measurements in agreement with the measurements of 
Holden e al.* 

The Q of the cavity was seriously reduced by introduction of 
the sample and intensities of the absorption relative to other 
substances are therefore not as yet known. 

The absorption is very narrow having a half-width at half- 
maximum absorption of approximately 0.3 Mc corresponding to 
0.1 gauss. Measurements on a sample of dipheny] picry! hydrazyl 
gave a half-width at half-maximum absorption of 1.2 gauss in 
agreement with the measurements of Holden et al.* 

Further studies of the dependence of the magnetic resonance on 
temperature and concentration are in progress. 

We wish to thank C. L. Arnow for construction of electronic 
equipment used in this research; A. Kowalsky for the synthesis 
of the diphenyl picryl hydrazyl; and W. E. Good for much helpful 
advice in the construction and operation of the apparatus. 

* Research assisted by the office of Neve Research. 

1 Kraus, J. Franklin Inst. 212, 537 bg 

2 Johnson and ae, Chem. Rev. 8 is (1931). 

3 Freed and ode, Nature 134, 774 iis 34). 

4 Huster, Ann. Physik 33, pd (1938 


5 Freed and Sugarman, hem. Phys. 11, 354 (1943). 
* Good, Scientific Paper sae, Westinghouse Research Laboratories, 


io, Fehon, ay tings > (August 1, oe (unpublished). 
ai 


ub and Kusch, Phys. Rev. 75, 1481 (19 
8 Holden, Kittel, Merritt, and Yager, Phys. . 77, 147 (1950). 


Second Shock in Liquid Helium II?* 


F, REINES 
University of California, Los Alamos Scientific Laboratory, 
Los Alamos, New Mexico 


November 24, 1950 


ONSIDERATION of the variation of the speed of second 
sound with temperature’ suggests the possibility of the 
existence of a peculiar type of shock wave in liquid Hell. In a 
medium in which the velocity is a monotonic decreasing function 
of temperature, a finite positive temperature pulse will develop 
into a triangular pulse with a discontinuity at its trailing side. 
A negative temperature pulse can be expected in such a medium 
to develop a sharp leading edge. Depending on the direction of 
propagation of a finite sinusoidal pulse, it will either develop into 
an inverted N-shape wave or a sawtooth form with the discon- 
tinuity at the center. The extent to which a smooth finite pulse 
in liquid HelI will actually distort toward the limiting forms indi- 
cated in this discussion is governed by other dissipative mecha- 
nisms. In view of the high velocity dispersion in liquid Hell at 
temperatures below 1°K and from 1.7°K to the )-point, such 
distortions might be observable, for example, for pulses of maxi- 
mum amplitude ~0.02°K in a medium at 0.5°K after a linear 
travel of perhaps 10 cm. 

If a sharp discontinuity of the type discussed here does form 
in liquid HeII, it should be expected to have the velocity, V, 
given by the equation 

V= (p?%— pono) /(p— po), 
where p is the density of normal liquid He component and 2, is 
the material velocity of normal liquid He component. The sub- 
script ° refers to conditions ahead of the shock. Symbols without 
subscripts are appropriate to conditions behind the shock front. 

A more detailed discussion of these ee is in preparation. 


* 4 iy done under the auspices of the AEC. 
1J. R. Pellam, Phys. Rev. 75, 1183 (1049); 76, 869 (1949). K. R, Atkins 
and B, V. Osborne, Phil. Mag. a, 1078 (1950) 


On the Lamb Shift for Spinless Electrons 
W. A. NEwcoMB AND F. ROHRLICH 
Laboratory of Nuclear Studies, Cornell University, Ithaca, New York 
November 24, 1950 
N 1947 a relativistic calculation of the Lamb shift was carried 
out by Dyson.' Since the covariant formulations of quantum 
electrodynamics were not well developed at that time, he achieved 
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an important simplification of these calculations by neglecting 
the spin of the electron; the assumption that this approximation 
would not lead to a numerical result very different from the correct 
value seemed to be plausible. 

Because of the inherently noncovariant character of the method 
of computation the renormalization of the infinite self-energy 
integrals turned out to be ambiguous. Two alternatives offered 
themselves: the “wave packet” and the “single particle” sub- 
traction prescription. The difference of the 2s- and the 2p-level 
displacements was found to be 


ma) 
where e=2 and —1, respectively, for the two alternatives, and L 
is the difference of the logarithms of the 25,2 and 2pur levels 
involving the nonrelativistic average excitation energies ko(n, !). 
For hydrogen L was found to be* 


D= EeeRY(L - In2+ re 5 n+ 
Tr 


L=h—— = 7.7215 —0.0300+0.0008 


5a 
and therefore Dyson’s formula gives 
D= 1045 Mc and 1011 Mc (2) 


for the two subtraction prescriptions. 

In order to resolve this ambiguity a covariant calculation is 
necessary. The Feynman method offers a particularly simple 
procedure for this purpose. We find for the 2s-level shift 

Tt eo 


Dim eZbeARy((In (2, 0) —In2— —qt5- rm (3) 


and for the 2-level shift 
Ry 


4, 
D,= aa BtaRy In a5" 


3x 
The relative shift is therefore 


1 
In2+ +- x») (5) 
The term —3/4 in Eq. (3) comes from the evaluation of the 
Feynman diagrams; the term 5/6 from the second-order calcula- 
tion which is nonrelativistic and hence is identical with that for 
spin 1/2; the term —1/40 represents the vacuum polarization. 
For hydrogen one finds from (5) 
D=956 Mc. (6) 
As was anticipated, this value is rather close to that found for 
spin 1/2, which is 1051.4—67.8=983.6 Mc, 67.8 Mc being the 
contribution of the electron spin. 
Comparison of (1) and (5) shows that neither of the two alter- 
native subtraction procedures is correct. The term (4/15) In2 in 
(1) is easily traced back to a term of the form 


fvvlrer (7) 


which originates in a somewhat doubtful expansion in the non- 
covariant method. It involves the kinetic energy of the free 
particle and should be omitted. When this is done we notice that 
Dyson finds a -level shift 


ee 4 ( _ Ry _ <) 
Dz 3ee wR in, pt 
which leads us to take e=0 when compared with (4). Formula (1) 
then has only [L—In2—(1/12)—(1/40)] in the bracket, which is 
still incorrect. We conclude that there seems to be no simple way 
in which to obtain the correct result from the ambiguous non- 
covariant calculation. 
After this work was completed the authors noticed a paper by 
Sasaki and Suzuki* who obtain instead of (5) 


1 ( - ee. ) 
sae ai Aaa 
D 307 ic® Ry L—1n2+ (8) 
which yields 3 Mc more than (6). They use the Schwinger- 


D=Dy—-Dy= Ze L— 
Tr 
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Tomonaga formalism which makes the computations very much 
more complicated than by the Feynman method, which perhaps 
increases the chance of making errors. 


1F. J. Dyson, Phys. Rev. 73, 617 (1948). 
? Bethe, Brown, and Stehn, Phys. Rev. 77, 370 (1950). 
+ M. Sasaki and R. Suzuki, Prog. Theor. Phys. 4, 485 (1949). 


Two Crystal Spectrometer Results with 
Uncollimated y-Rays 
Joe Keacy Barr, Frep C. MAIENSCHEIN, AND WILLIAM B. BAKER 
Fairchild Engine and Avian Cor poration, NEPA Division, 
Oak Ridge, Tennessee 
November 20, 1950 


IGURE 1 shows the y-ray spectra of Cs’ and Co® as ob- 
tained on a two crystal Hofstadter! type spectrometer. 
Amplifier gains were different for the two curves. The instrument 
used differs from that described by Hofstadter in that no collima- 
tion was necessary and that considerably larger Nal crystals 
were used. 

The point source of gamma-rays was located several inches 
from a 1-in. diameter, 1-in. high Compton-electron counting 
crystal. The degraded-gamma-counting crystal, 1.5 in. in diameter 
and 1.5-in. high, was located 2.75 in., center to center, from the 
one-in. crystal and at an angle of about 150° with the direction 
of the incident gamma-rays. The large crystal was shielded from 
the direct beam to reduce its count rate. The resolution is essen- 
tially equivalent to that obtained here with the same apparatus 
but employing a well-collimated source. The use of larger crystals 
and an uncollimated source permit greatly increased sensitivities. 
The data on Co were taken with a 0.25 mC source and required 
one hour of counting time. Experimental and calculated effi- 
ciencies agree, giving a figure of about 0.003 counts/sec in the 
peak for unit flux at the Compton scattering crystal. 


PULSE HEIGHT 


Fic, 1. Cs’ and Col eg AS EN 6 Sen eee ae ES 
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Fic. 2. Co® single crystal spectra taken with 14-in. diameter crystal 
4 in. high and an uncollimated source. 


The successful use of large NaI crystals and uncollimated 
sources is in disagreement with the results obtained by McIntyre 
and Hofstadter* on single crystals but agrees with those obtained 
by P. R. Bell.* Figure 2 shows an uncollimated, single-crystal 
spectrum of Co obtained with a crystal 1.5 in. in diameter and 
1.5-in. high. Presumably the uniformity of the raw crystal ma- 
terial, surface conditions, and mounting have more effect on the 
resolution than does the crystal size. 


1R. Hofstadter and J. A. McIntyre, Phys. Rev. 78, 619 (1950). 
2 J. A. Mcintyre and R. Hofstadter, Phys. Rev. 78, 617 (1950). 
+P. R. Bell, Science 112, 7 (1950). 


Erratum: Experiments on the Effect of Atomic 
Electrons on the Decay Constant of Be’ 
[Phys. Rev. 75, 39 (1949)] 
E, Secre anp C, E, WigGAND 
Radiation Laboratory, Department of Physics, University of California, 
rkeley, California 
E have made an error in plotting, as the experimental 
points of Fig. 2, 26e™ instead of de as indicated. Simi- 
larly the final value of AX/d should be divided by 2 giving 


Ad/A=(—1.540.9) 10-4. 


Experiments on Elastic p—p Scattering in the 
Energy Range 120 to 345 Mev* 


O. CHAMBERLAIN, E. SEGRE, AND C. WIEGAND 
Radiation Laboratory, Department of Physics, University of California, 
Berkeley, California 
November 20, 1950 


N a previous paper! we described some experiments on p—p 
scattering at 340 Mev made with gas proportional counters. 
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Fic. 1. Differential scattering cross section in the center-of-mass 
system as a function of the angle in this system. 


We have now improved and extended the measurements by using 
stilbene scintillation counters in coincidence and by varying the 
energy of the beam by the use of lithium absorbers. 

In view of the interest in these results as shown in recent 
theoretical papers we have decided to publish the results to date. 
Details on the experiments and extension to smaller angles will 
follow later. 

The results at 345 Mev are summarized in Fig. 1 which gives 
the differential scattering cross section in the center-of-mass 
system as a function of the angle in this system. The cross section 
is normalized in the usual way such that the total scattering cross 
section o, is given by 


a=} [-_o(¢)dog=4 f.” o(¢)[2x singde]. 


Table I gives the differential cross sections of o(@) (center of 
mass system) for incident proton energy, E, in the laboratory 
coordinate system, at angle ¢ (center-of-mass system) from the 
beam direction. The symmetry of the problem in the center-of- 
mass system guarantees that o(¢)=o(x—¢). 


TABLE I. Differential scattering cross sections at reduced energies. Quoted 
errors are standard deviations from counting statistics only. 
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The errors shown in Fig. 1, as well as those quoted in Table I, 
are the standard deviations due only to the statistical counting 
errors. The other errors, which must be superimposed on those 
shown, are for the most part systematic errors which affect all 
of the cross sections equally. These errors do not alter the angular 
distribution very much. We believe that the systematic errors 
amount to five percent (probable error) in the experiments at 
345 Mev, and to 10 percent in the experiments at lower energy. 


* This work was performed under the auspices of the AEC. 
10. Chamberlain and C. Wiegand, Phys. Rev. 79, 81 (1950). 


A Note on Rainwater’s Spheroidal Nuclear Model* 
E, FEENBERG AND K. C, HAMMACK 
Washington University, St. Louis, Missouri 
November 20, 1950 
SPHEROIDAL core offers possibilities for large nuclear 
quadrupole moments. Coupling between the total angular 
momentum of the whole nucleus and the symmetry axis of the 
core is required to maintain a nonspherical charge distribution 
with respect to external fields. Rainwater' has shown that the 
model of an odd particle in a spheroidal potential well generated 
by a spheroidal core has the required coupling and a minimum 
energy associated with a definite departure from the spherical 
shape. The energy of the spheroidal system contains a quadratic 
term in the eccentricity from the change in surface and Coulomb 
energies of the core and a linear term from the shift in the eigen- 
value of the extra-core particle. The linear term can be derived 
simply as follows. 
A potential well of constant depth in a spheroidal region of 
constant volume is defined by the equations 


V(s)=—D, s<R 
=0, s=R (t) 
s=[A(x*+-y*)+22/A?}. (2) 
The eccentricity, ¢, is defined by the equation 
e=—A+1/d 
&—3#(A—1) when [A—1|<1. 
For small values of ¢ the eigenvalue of a particle in a spherical 
well can be computed from first-order perturbation theory em- 
ploying the normalized solution yo(x, y, 2) of the unperturbed 
problem with the result 


Be EO=f ff ives, y, 2) /*CV(s)— V(r) ao 
“SSS V(r)C| Wola /rt, y/A4, Az) |? 


—|Yo(x, y,2)|*I]do (4) 
a WS Sf [2+ 35-2 


(3) 


al 


X | Wolx, », #) | *do 

the integration in the last line of Eq. (4) extending over a spherical 
region of radius R. Using Gauss’ theorem and introducing spherical 
coordinates, Eq. (4) reduces to 

AE=—4eDR* ff (1—3 cos*®)| yo(R, 0, ¢) |? sinddddg 
H(+1)—m? (5) 
d+)¢-) 
in which ®,:(r) is the normalized radial function. 


An asymptotic formula valid for xo=(2MD)*R/h>1 is easily 
derived for levels near the bottom of the well. The result is 


IDR (RX of ; wy (6a) 


T nt =f on?/2M R*. (6b) 


Here 7,: is the kinetic energy of a particle in a well of infinite 
depth and wa; is the mth zero of a Bessel function of order /+4. 


=$eDR?Rar*(R) 
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Using D= 28.3 Mev and R= A'e*/2mc?, the right-hand member 
of Eq. (6a) is too large by 25 to 40 percent for levels at the top 
of the occupied spectrum. For example at A=100, x9=7.64, 
Ty4=32 Mev and 

4DR*Ri2(R) = 20 Mev 
T aL x0/(1+-2%0) #= 25 Mev. 
Rainwater finds the asymptotic formula 
MEn, 1.412% — FT we (8) 
(valid for + and D=«) by a somewhat obscure and com- 
plicated procedure. The present calculation checks Rainwater’s 
result under his limiting conditions, but yields a greatly reduced 
coefficient of e when Eq. (5) is evaluated accurately. Using the 
numbers quoted above for A = 100, 
AE}, 4, 442 —21e Mev (Eq. (8)) 
&—10e Mev (exact). 
The possibility of excessive quadrupole moments, mentioned by 
Rainwater, is probably eliminated by the accurate calculation. 


* Assisted by the joint program of the ONR and AEC. 
1 J. Rainwater, Phys. Rev. 79, 432 (1950). 


(7) 


(9) 


Addendum: The Disintegration of Ti*® 
[Phys. Rev. 80, 360 (1950)} 


M. Ter-Pocossian, C. S. Coox, F. T. Porter, 
K. H. MORGANSTERN, AND J, Hupis 


Washington University,* St. Louis, Missouri 
HEN the proof for the above-mentioned article was re- 
turned to the American Institute of Physics, a note to be 
added to the article was attached. This note is mentioned in 
footnote 10 but was not printed at the end of the article. Its 
content was as follows: 

Sir,ce this paper was submitted, an article describing the work at 
Illinois has appeared.' 

Because the elimination of Sc“ as an impurity was exceedingly 
difficult in the current research, the authors feel that the Compton 
and photo-electrons of Fig. 6 of Kubitschek’s paper possibly may 
be attributed to Sc**. The line at 780 kev is in perfect position to 
be the K-shell photo-electron line of the 890-kev gamma-ray from 
Sc**, By drawing the line through the lower energy experimental 
points in a slightly different manner, it is possible to attribute all 
to Compton electrons from the 890-kev gamma-ray of Sc**. Also 
it is difficult to understand the mechanism which would give a 
more intense L-shell photo-electron line than K-shell photo- 
electron line as appears to be the case in Fig. 6 of Kubitschek’s 
article. 

In a private communication, Dr. Kubitschek has indicated to 
us that a check of his photo-electron spectrum reveals the possible 
indication of a bump at the correct momentum to account for a 
450-kev gamma-ray of very low intensity. 


* Assisted by the joint program of the ONR and AEC. 
1 Kubitschek, Longacre, and Goldhaber, Phys. Rev. 77, 
H, E. Kubitschek, Phys, Rev. 79, 23 (1950). . 


742 (1950); 


A Method of Isotopic Separation by (n, y) Recoil* 
L. B. MAGNUSSON 
Argonne National Laboratory, Chemistry Division, Chicago, IUinois 
November 20, 1950 


TUDIES of gamma-recoil atoms have been confined to systems 

in which the “hot” atoms remain within the phase boundaries 

of the target material. The factors of “hot” atom reactivity, 
ordinary thermal reaction exchange, and physical and chemical 
separation difficulties operate against efficient isotopic separation. 
A new method is proposed for utilizing the recoil energy from 
gamma-emission for isotopic separation. If targets in the form 
of very thin films could be bombarded with thermal neutrons in 
vacuum, it seemed probable that an appreciable percentage of the 
(n, y) product atoms would have sufficient recoil energy from the 
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gamma-emission to leave the film. The method is analogous to 
the collection of daughters of alpha-decay,' with the difference 
that gamma-recoil energy is of the order of a thousand times 
smaller than alpha-recoil energy. 

The method has been given a successful preliminary trial by 
neutron bombardment of Au’ to produce Au™. Targets were 
prepared on one-inch diameter nickel disks by electroplating gold 
containing a known trace of Au. The apparent thickness and 
total gold content of the deposits were calculated from the 
measured Geiger activity of the nickel plates. The gold content 
varied from one to several hundred micrograms. The plates were 
stacked alternately with clean plates for catching recoils, each 
plate separated 1/16 in. from the next by a nickel ring. The stack 
of plates was clamped in a tubular nickel magazine and placed 
in a quartz tube connected to a vacuum system. After degassing 
the quartz tube and contents at 150° to a holding vacuum of 
about 10-* mm the quartz tube was sealed off and placed in the 
thimble of the Argonne CP-3 reactor for a two-hour bombard- 
ment. The gas pressure in the quartz tube after bombardment 
was 10° mm. 

Known amounts of Au carrier were added to each target 
plate and to one-half of each catcher plate and separated chemi- 
cally to recover active Au’ (2.7-day 6-). The remaining halves 
of the catcher plates together with clean nickel samples and a 
gold monitor were bombarded at atmospheric pressure to deter- 
mine if Au’ contamination and impurity were present. 

Au" activity from gamma-recoil was present on the catcher 
plates. The maximum yield of recoil atoms was low, about 0.5 
percent of the total Au™ produced in the target. Apparently the 
targets were not true films but consisted of relatively large 
clusters of atoms. Gold is now known to aggregate in deposits 
of less than a characteristic thickness.? 

The exact amount, if any, of Au’ contamination from the 
targets could not be determined since the nickel plates were 
found to contain 2X 10~¢ percent by weight of gold impurity. The 
activity produced from the gold impurity varied from 10 to 50 
percent of the total Au™ activities of the catcher plates. From 
the precision of the gold impurity determination an upper limit 
of about ten percent of the total Au™ can be placed on the amount 
of Au™ arising from Au’ contamination. 

* Reported in Chemistry Division Tye Report, Lopene National 
Laboratory, July, August, 

1 Rutherford, Chadwick, and Ellis, R. id satis 


ir 
(Cambridge University y London, 1930), p. 
2R. S. Sennett and G. D. Scott, J. Opt. Soc. een “40, 203 (1950). 
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The Microwave Spectra of the 
Deutero-Ammonias* 


M. T. Weiss AND M. W. P. STRANDBERG 
Research Laboratory of Electronics, Massachusetts Institute of Technology, 
Cambridge, Massachusetts 
November 20, 1950 

EASUREMENTS of the inversion-rotation spectra of the 
deutero-ammonias have been made in the 6000 to 80,000 
Mc region. About 35 lines of NH2D and NHD; have been meas- 
ured and identified. Our results are in agreement with the struc- 
tural parameters of ammonia as given by Herzberg! and with the 
inversion doubling theory of Dennison and Uhlenbeck.? Thus the 
inversion splittings for the ammonia molecules are approximately 
as follows: 24,000 Mc/sec for NH;; 12,000 Mc/sec for NH.D; 
5000 Mc/sec for NHD2; 2000 Mc/sec for ND;. A complete list 
of our observed lines and our interpretation of this spectrum will 

be published shortly. 

Our results are in disagreement with the implied interpretation 
of a list of low-frequency lines given by H. Lyons e al.,3 and in 
particular with the assignment of the 5000 Mc/sec lines to the 
ND, inversion spectrum. 

* This work was .eupoertes in part by the Signal Corps, the Air Materiel 


Command, and 
1G. Herzberg, Infrared me engene Spectra (D. Van Nostrand Company, 


Inc., New York, 1945), p. 4 
*D. nnison and E Uhlenbeck, Phys. Rev. 41, 313 (1932). 


s Lyons, Kessler, Rueger, and Nuckolls, Phys. Rev. (to be published). 
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The Mass of S* 
Henry E, seaiaettage> GrorGE S. STANFORD, JOHN M. OLson, 
pD Cort L. KEGLEY 
Scott Laboratory of Physics, Wesleson University,* Middletown, Connecticut 
November 30, 1950 


HE mass of S* was first measured mass spectrographically 

by Aston! in 1936 who obtained the value 31.9823+-0.0003, 
corresponding to a packing fraction of —5.53+0.09. In 1941 
Okuda and Ogata? reported a mass of 31.98089+-0.00007, repre- 
senting a packing fraction of —5.98+0.02. This latter value, 


TABLE I. Mass of S*?, 








Present work 31.98237 +0.00009 
Aston* 

Okuda and Ogata> 

Smithe 

Penfold¢—deduced from Si® 
Motz*—deduced from Si® 


31.9823 +0. oe. 
31.98199 +0,00021 
31.98224 +0.00010 








* Reference 1. 
b Reference 2. 
© Reference 4. 
4 Reference 3, 
© Reference 6. 


because of the greater stated precision, has been widely used 
although it has been in very poor agreement with the mass of S*? 
as computed from lighter masses by means of transmutation data. 
The discrepancy between the Okuda-Ogata value and that de- 
rived from transmutation data has been the subject of a recent 
letter by Penfold.* Within the past few weeks Smith‘ has used his 
“synchrometer” to obtain for S* the mass 31.9823+0.0010, a 
value identical with that of Aston, albeit with admittedly poorer 
precision. As Smith has remarked, “This result indicates, but 
does not prove” that the Okuda-Ogata value is too low. Our 
purpose is to describe a measurement of the mass of S* just 
completed in this laboratory. 

Ion Source.—In our experiments the mass of S** was measured 
by photographing the (O'*),—S** doublet, the same doublet as 
was used by Aston, Okuda, and Ogata, and Smith. The O.* and 
S**+ ions were obtained in a manner which is thought to be novel. 
A mixture of SO; and O; (in the approximate ratio 1:5 by volume) 
was allowed to leak into the source region, emerging from the 
leak into a high frequency spark between two platinum electrodes. 
The number of desired ions formed in the spark was sufficient to 
enable us to photograph well-matched doublets with exposure 
times of 5 to 12 minutes. 

Mass of S**.—Five doublets were measured and yield for the 
(O'*),—S** packing fraction difference the value Af=5.51+0.03. 
This gives the mass S*?= 31.98237-++0.00009. A suitable mass scale 
was provided by the (Cu®)*++—(O"*), separation, the doubly- 
charged copper arising from the platinum electrodes where it was 
present as an impurity. The mass of Cu® was assumed® to be 
62.95032+0.00041. 

Discussion.—The present value for the mass of S* is compared 
in Table I with other measured and computed values. It is seen 
to agree remarkably well with the values of Aston and Smith. 
It is also in good agreement with the value computed by Motz® 
from Si** using some of the very accurate transmutation data 
recently obtained by Van Patter at M.L.T.., and is in fair agreement 
with the value deduced by Penfold* from Si®. The masses of Si** 
and Si® used in these two calculations were those obtained in this 
laboratory.” 

* This letter is based on work done at Wesleyan University under 
contract with the AEC, 

Aston, Proc. new Soc. (London) A163, oy (1937). 

+7. Okuda and K, Ogat: a Too a oe 41). 

. S. Penfold, Phys. Rev. 80, 50). 

iL G. Smith, Phys. Rev. 81. 295 “i981 ). 

* H. E. Duckworth and R. S. Preston, to be published. 

H. T. Motz (private communication). 


7 Duckworth, Preston, and Woodcock, Phys. Rev. 79, 188 (1950); H. E. 
Duckworth and R. S. Preston, Phys. Rev. 79, 402 (1950). 
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Streamer Breakdown and Sparking Thresholds 


LEONARD B. Logs 
Department of Physics, University of California, Berkeley, California 
November 24, 1950 


HE studies of Raether' with Wilson cloud chambers and of 

the writer’s students* with positive corona have established 

the reality of the streamer breakdown mechanism of sparks beyond 

the shadow of a doubt. All sparks showing bright, narrow channels, 

straight, crooked, or branched, extending down to pressures so 

low that diffusion yields broad fuzzy channels or glow, unquestion- 

ably involve as an important element of the mechanism the posi- 

tive and negative streamer mechanisms as postulated by Meek 
and the writer® and by Raether.! 

The streamer mechanism was invoked initially, among other 
reasons, to account for the formative time lags of the order of 
10-7 sec observed in slightly overvolted gaps.* These could not 
well be accounted for by the classical secondary Townsend 
mechanisms. Relatively recently, Gaenger* and Fisher’ and his 
collaborators attempted to locate the lower pressure and gap 
length values at which, in uniform fields, transition of the streamer 
mechanism to the diffuse Townsend spark occurred. They found 
that down to conditions where the spark appears as a diffuse glow, 
the breakdown is consistently of the streamer type. Fisher and 
his collaborators further found that as the applied overvoltage 
across the plane parallel plate gaps was decreased to a few tenths 
of a percent in air and Nz, the formative time lag of sparking rose 
rapidly from 107 to 10~* sec and longer. The curve between over- 
voltage and time lag was independent of triggering illumination 
within limits, was independent of pressure, but varied in pro- 
portion to gap length. Analogous but more erratic data were 
observed in O:2. In argon the formative lag was much greater than 
in air and could be reduced to microseconds only by overvoltages 
of the order of 100 percent. In argon and O, the overvoltage time 
lag curves were pressure dependent. Such long time lags are in- 
compatible with a sparking mechanism in which the threshold is 
set by streamer formation as originally proposed by Meek’ and the 
writer and Raether.' 

The theory for the temporal growth of a Townsend discharge 
developed by von Engel and Steenbeck* has been elaborated by 
Bartholomeyczyk’ and investigated by von Gugelberg* in terms 
of the various secondary y-mechanisms. The theory and data on y 
fix the threshold for a Townsend discharge as y exp(ad)=1 for a 
uniform field gap of length d with a the first Townsend coefficient. 
Above this threshold positive ions accumulate in the gap through 
a diffusive self-sustaining discharge of low order. It has inde- 
pendently been shown by von Engel and Steenbeck® and by 
Varney, White, Loeb, and Posin,” that if the X/p values are such 
that they lie below the point of inflection of the [(a/p)—(X/p)] 
curve, the space charge accumulations will enhance the develop- 
ment of the distortion leading to a spark. Near the threshold of 
the Townsend discharge the space charge build-up takes long 
time intervals as shown by Schade"! and von Gugelberg® in con- 
formity with theory. The time of build-up rapidly decreases the 
greater the overvoltage. In fact, Kachickas and Fisher have 
calculated the formative time lags using Schade’s approximation 
to von Engel and Steenbeck’s theory assuming y exp(ad)=1. 
The crude theory qualitatively predicted the course of the ob- 
served variations of the overvoltage-time lag curves for air and 
argon remarkably well. 

It must thus be concluded that with low values of + as in air 
and especially with low values of a and high values of y as in 
argon, the Townsend threshold for a space charge build-up sets 
in at values of X/p and of potentials V below those which would 
initiate streamer formation. Streamer formation requires values 
of avalanches, exp(ad), of the order of 10’ electrons or more. 
Thus, spark discharges in uniform fields set in at thresholds for low 
order Townsend discharges by creating space charge field dis- 
tortions. These distortions increase to the point where avalanches 
reach streamer-forming proportions in midgap, thus yielding 
sparks as streamer-type breakdown. As overvoltages increase, 
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the temporal rate of space charge production is increased, and 
the streamer-forming avalanches are produced in progressively 
shorter time intervals. In air or O; the low values of y require 
high potentials to give the correspondingly large values of exp(ad) 
for Townsend thresholds. Hence, only slight overvoltages are 
needed in air so that Meek’s streamer criterion nearly holds. In 
argon and other inert gases appreciable values of @ set in at such 
low values of X/p and a is so small, while y is large, that the 
Townsend thresholds fall far below streamer thresholds. Thus, 
Meek’s streamer theory cannot apply to such gases. 

The physicist must, therefore, reconcile himself to the para- 
doxical situation of a streamer breakdown mechanism for spark 
in uniform fields with @ threshold which is set by the conventional 
Townsend criterion and not by that of Meek and the writer and 
of Raether. If this is done, practically all of the difficulties of the 
past are reconciled in a single consistent sparking theory. 

It must be emphasized that the conditions cited apply to uni- 
form field breakdown. In the intense highly distorted fields near 
positive points and wires, streamers can and do form as postulated 
by the writer, Meek, and Raether, and ultimately lead to break- 
down. Thresholds for such discharges are set directly by streamer 
theory and are entirely gas dependent."* 

1H, postion, a exakt. Naturwiss. 30, 75 (1949). 

2L. B. a pre J Appl. Phys. 10, 142 (1939}. 

+L. B. Loeb aad f'M Meek, Mechanism of the Electric Spark (Stanford 
University Press, Stanford, 1941). 

. Gaenger, Arch. Elektrotech. 39, 508 (1949), 

SL: H, Fisher and B. Bederson, Phys. Rev. 78, 331 wae, B . Bederson 
and L. H. Fisher, Phys. Rev. 78, 331 (1950). L. H. Fisher and ” Bederson, 
Phys. Rev. 81, 109 (1951). G. A. eee and L. H. Fiber” Phys. Rev. 
79, 232 (1950). L. H. Fisher and G. achickas, Conference on Gaseous 
Electronics, paper D-1 (New York, October 19-21, 1950). 

*M. Steenbeck, Wiss. Verdffenti. Siemens-Konzerns 9, 42 (1930). A. von 
Engel and M. Steenbeck, kirische Gase ungen (Verlag. Julius 
rr) Berlin, 1934), Vol. 2, and pages 51-55. 


pages 179ff. 
Bartholomeyczyk, Z. Physik 116, 235 (1940). 
*H. L. von roy mig Helv. re Acta 20, 250 and 307 (1947). 
$1 


* See reference 6, Vol. 
1” Varney, White, . and Posin, x Rev, 48, 818 (1935). 


UR, ~ Zz. — 104, 487 (193 
WL, Loeb and A. Wijsman, J. Appl. Phys. 19, 797 (1943). L. 
Loeb, Phys. Rev. 73, v0 (1948). 


A Note on the Calculation of the Fermi Function 
in the Theory of Beta-Decay* 
J. Y. Mert 
Department of Physics, Indiana University, Bloomington, Indiana 
November 6, 1950 
N view of recent advances in experimental techniques of beta- 
ray spectroscopy, the accuracy of the calculation of the Fermi 
function has been investigated by several authors.’ In fact, it 
can be calculated as accurately as desired without much effort. 
According to Konopinski’s formulation* of the theory of beta- 
decay, the number of beta-particles emitted in the momentum 
range p to p+dp is given by the relation 
Ndp=CF(s, W)p(Wo—W)'4p (1) 
where F(z, W) is the Fermi function given by 
4(2pR)*-te**| P(s+é8)|* 1+s 
| P(2s+1)|? 2° 





F(s, W) = 


and 


$=alW/p. (2) 


Tasve I. Comparison of the approximations to the Fermi function. 








SB Cu*(s-) 
(F/Fx)* (F/Fa)) (F/Fx) (F/Fs) 
1.0094 


1.0059 
1.0034 


RaE 
(F/Fx)* (F/Fp)) (F/Fry? 
0.2967 


° 





PP onm=-SOoSe 
BRON SAN BASH 
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We know that? 


| rit “4 
[Pat éa)| =A =f = i [1 +a 


where a@ and 8 are real. aa use of relation (3) we have 


(s+ al : @) 


where f is a factor independent of W. If we set s=1, we have the 
nonrelativistic Kurie approximation 


F(z, W)= pret Tl i [1+ 


Funjet Tl i [i +l (5) 


=f2xb/(1—e?*), 


Therefore 


erecta © 


The infinite product in (6) converges at a reasonable rate. Table I 
gives the accuracy of the different prevailing approximations for 
the three typical cases of the light nucleus S*, the medium nucleus 
Cu®™ (negatron emission), and the heavy nucleus RaE, and the 
comparison with the exact calculations. In this table F is an 
abbreviation for F(z, W) as given in Eq. (6), Fg denotes Bethe’s 
approximation 





Fa=Fip* (P+), (7) 
Fr denotes Fermi’s approximation for heavy nuclei 
Fr=1/p—0.355 (8) 
where / is the momentum in units of mc. 


* This research was assisted by the joint program of the ONR and AEC. 

+ Present address: National Research Council, Ottawa, Canada. 

1C. Longmire and H. Brown, Phys. Rev. 75, 264 (1949); I. 
Phys. Rev. 78, 375 (1950); H. Hall, Phys. Rev. 79, 745 (1950). 

2 E. J. Konopinski, Revs. Modern Phys. 15, 209 (1943). 

* Godefroy, La Fonction Gamma (1901), p. 14. 
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Internal Motion of Hydrogen Absorbed in Tantalum 
Martin A, GARSTENS 
Electricity Division, Naval Research Laboratory, Washington, D. C. 
November 30, 1950 


HE metals which absorb hydrogen are usually divided into 
two groups, the so-called good absorbers (Ti, Zr, Th, V, 
Ta, Pd), which have decreasing solubility of hydrogen with tem- 
perature, and the poor absorbers (Ni, Fe, Co, Cu), which have 
increasing solubility of hydrogen with temperature. The poor 
absorbers are thought to allow the protons to move freely through 
the lattice without any effect on the lattice structure whereas the 
good absorbers are believed to form definite metal hydrides 
having a different lattice structure from the pure metal. The 
latter are supposed to have the hydrogen atoms tightly bound to 
the metal atoms.! 

Previous observations of nuclear magnetic resonance? absorp- 
tion lines indicated, however, that in tantalum the protons have 
strong internal motion at room temperature. To verify this result 
further an experiment was performed to freeze in the proton 
motion by lowering the temperatures of the tantalum lattice. 
This was done successfully at a temperature of about 215°K. 
Beginning with a line width of less than one gauss at room tem- 
peratures the line remains narrow down to 215°K. Over a range 
of 20° about this point it undergoes a pronounced widening, 
indicating that the protons are being frozen in position. 

Thus in the range of temperature where solubility measurements 
of hydrogen in metals have been made in the past! (i.e., from room 
temperature up) our experiment indicates that the hydrogen 
atoms are not tightly bound to the metal atoms. In this respect 
tantalum resembles the poor absorbers. 
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The tantalum sample was in powdered form and had a hydrogen 
concentration of 53.5 atomic percent. Previous observation showed 
that the line width, at least at room temperature, was not affected 
appreciably by the degree of concentration of hydrogen. However, 
at this temperature the tantalum line is so narrow as to be deter- 
mined by the magnetic field inhomogeneity so that small differ- 
ences in line width due to differences in concentration may be 
masked. 

Specific heat anomalies have been observed in the tantalum- 
hydrogen system, within the temperature range where our line 
width changes have been detected.‘ The specific heat curves have 
maxima in the region 220° to 265°K, the height of the maxima and 
the temperatures at which they occur being proportional to the 
amount of dissolved hydrogen. However, only small concentra- 
tions of hydrogen have been used in these experiments (i.e., 0 to 12 
atomic percent). According to Hagg* the structure of the tantalum 
lattice changes from a body centered cubic lattice to hexagonal 
close packing at about 12 atomic percent hydrogen. The sample 
used in our experiment would then have a lattice which is 
hexagonal close packed. This may account for the fact that the 
specific heat anomalies occur at slightly higher temperatures 
than the resonance line width discontinuity. 

Kelley* suggests that the specific heat anomaly is due “to the 
differences in the number of possible ways of arranging the 
hydrogen particles among the positions in the tantalum lattice 
available at the higher and lower temperatures.” This, of course, 
conforms to the idea that the protons are frozen in at the lower 
temperatures. 


1R. H, Fowler and C. J. Smithels, Proc. Roy. Soc. (London) A160, 37 


(1937). 
2M. A. Garstens, Phys. Rev. 79, 397 (1950). 
3C. J. Smithels, Gases and Metals (1937). 
4K. K. Kelley, J. Chem. Phys. 8, 316 (1940). 


5 Hagg, Z. physik. Chem, B11, 433 (1931). 


Erratum: Acceleration of Stripped C'* and C* 
Nuclei in the Cyclotron 
[Phys. Rev. 80, 486 (1950)]} 


Miter, J. G, army a => PutnaM, H. R. HAyYMOND, 
Crocker Laboratory, Divisions of pons Medical Physics, 
Medicine, and Radiology, University of California, 
Berkeley and San Francisco, California 


j.. ¥. 


HE Editors regret a typographical error in the list of authors 
of this letter as originally printed. “Purnam” should be 
replaced by “Putnam” as above. 


Ratio of the Quadrupole Moments of Cl** and Cl*” 
S. Gescuwinp, R. GuNTHER-Mour, AND C. H. TOWNES 
Columbia University,* New York, New York 
November 14, 1950 

ECENT measurements of the ratio of the quadrupole mo- 
ments of Cl* and Cl? by several observers using different 
methods are in disagreement by amounts which are considerably 


TABLE I. Data on the quadrupole coupling constants of Cl and Ci7, 








Method egQ(Cl*) /egQ(Cl**) 


1.2661 +0.0002* 


1.2795 40.0008» 
1.273 +0.004¢ 
1.2704 +0.0044 
1.2768 +0.004¢ 





Direct quadrupole transitions in 

solid trans-dichloroethylene CHCl =CHCI 
Atomic beam magnetic —— method. Cl 
Microwave spectra of a 
Microwave spectra of FC 
Microwave spectra of BIC 1 








* H. G. Dehmelt and H. Kriiger, Naturwiss. 37, 111 (1950). 

> Davis, Feld, Zabel, and Zacharias, Phys. Rev. beg e+e A (1949). 
© Gordy, Simmons, and Smith, Phys. Rev. 74, 243 (19 

4 Gilbert, Roberts, and Griswold, Phys. Rev. 76. 1723 1948). 

¢ Smith, Tidwell, and Williams, Phys. Rev. 79, 1007 (1950). 








LETTERS TO THE 


EDITOR 


TABLE II, New measurements of the coupling constants. 








Substance Interval 


eqQ(CP) 
eqQ(Cl*) 


eqQ(CP) cr 
(Mc) (Mc) 





CH;Cl (F =3/2-+3/2) —(F =3/2-—5/2) 


J=0—1 (F =3/2-+5/2) —(F =3/2-+1/2) 


K=0 
CICN 
J=1-—2 
GeH;Cl 
J=2-3 


(Fi =1/2-+3/2) —(F1 =1/2-1/2) 
(Fi =1/2-+1/2) — (Fi =3/2-+3/2) 
(F =5/2-+3/2, $/2, 7/2) —(F =7/2 5/2, 7/2, 9/2) 


(F =5/2-+5/2, 7/2, 9/2) —(F =1/2-+3/2) 


14.731 
11.780 


74.77 40.015 
-2691 +0.0003 


83.33 +0.02 16.436 
1.2682 +0.0006 


13.333 


46.95 +0.015 
1.2670 +0,0005 





outside the limits of the quoted experimental errors. Table I 
lists the various results obtained hitherto for the ratios of the 
quadrupole coupling constants, the quoted errors, and the method 
of measurement. 

Probably at least some of the ratios given in Table I are in 
error. Although the very nice experiment of Dehmelt and Kriiger 
should yield the most accurate ratio, their value is made somewhat 
doubtful by preliminary results obtained by Wang using the same 
technique.' For the same molecule he obtained 1.2682+0.004. 
The atomic beam measurement should be rather accurate, but 
may be questioned because the ratio of magnetic moments of the 
two Cl isotopes from the same measurement is also distinctly 
different from the ratio obtained by nuclear induction methods, 
and this difference is so far unexplained. A recalculation of the 
theoretical BrCl spectrum and comparison with experimental 
measurements indicates that perhaps the accuracy of the Cl®*/Cl** 
ratio obtained therefrom has been overestimated. 

Because of these uncertainties we have redetermined the ratio 
eqgQ(C}*) /egQ(Cl*) from the microwave spectrum of CH;Cl, 
CICN, and GeH,Cl. With the very high resolution afforded by a 


balanced microwave: bridge spectrometer,? the intervals from . 


which the quadrupole couplings were determined were measured 
to 8 kc or better, and hence rather accurate values of quadrupole 
couplings were obtained. The results of these measurements are 
given in Table II along with the computed quadrupole coupling 
ratios. These results are averages of as many as five different sets 
of determinations for a given molecule on as many different days. 
For no set were values found which would make the quadrupole 
coupling ratios in GeH;Cl and CH,Cl overlap. Although some of 
the discrepancies shown in Table I are probably due to errors or 
to the differing types of experiments used, it seems clear from 
repeated measurements with the same technique on CH;Cl and 
GeH;Cl that the apparent ratio of quadrupole coupling constants 
of the two Cl isotopes depends slightly on the molecular environ- 
ment. 

The CICN spectrum is somewhat complex because of the 
occurrence of two quadrupolar nuclei in the same molecule. The 
experimental results were fitted to a theoretical calculation which 
included all known effects of important size except for a possible 
magnetic coupling between the nitrogen nucleus and the molecular 
rotation. 

The two measured intervals in GeH;Cl® did not agree exactly 
with the spacings expected for pure quadrupole coupling. This 
deviation was attributed to a magnetic coupling of the type 
c(I- J) with c= —4+3 kc. Inserting this very small correction, one 


(CH) ee 
ar = 1.26702-0.0005. Similarly, 
if a magnetic coupling of the form c(I-J) is assumed for Cl in 
CH;Cl, the constant ¢ would have the very small value, 0.4 
+0.8 ke. 

The only other pair of isotopes for which the quadrupole 
moment ratios have been measured with some accuracy is Br” 
and Br*!, which in BrCN and CH;Br seem to agree within experi- 
mental accuracy of one part in 2500. 


obtains for this molecule 


The authors are grateful for a generous gift from Dr. A. H. 
Sharbaugh of GeH, from which the GeH;Cl was made, and the 
loan by Professor H. C. Wolfe of a 2K50 oscillator of unusually 
high frequency. 

* te a jointly by the Signal Corps and the ONR. 


C. Wang, Columbia University, private communication. 
? Columbia Radiation Laboratory Report, June 30, 1949, unpublished. 


Polarization of the Nucleus by Electric Fields* 
G. R. Guntaer-Monur, S. Gescuwinp, AND C, H. Townes 
Columbia University, New York, New York 
November 14, 1950 


HE preceding letter' shows that the ratio of quadrupole 

moments of Cl* and Cl? in CH;Cl appears to be slightly 
different from that found in GeH;Cl. It will be shown below that 
the most reasonable explanation of this difference is a fictitious 
quadrupole moment due to anisotropic polarization of the Cl 
nuclei by molecular electric fields. 

Two molecular effects which might change the apparent ratio 
of the quadrupole moments from one molecule to another are 
the pseudoquadrupole effect discussed by Foley? and the variation 
in zero-point vibration with isotopic mass. 

A reasonable estimate of the pseudoquadrupole effect makes it 
too small to account for the observed change by a factor of 10. 
In order to obtain an effect of the correct magnitude, electronic 
levels within 1 cm™ of the molecular ground state would need to 
be assumed, 

From measured changes of quadrupole coupling with vibration 
in several molecules, an upper limit for the expected change in 
quadrupole coupling due to isotopic mass variation is one part 
in 2500. If the observed effect were due to zero-point vibrations 
in GeH;,Cl the change in Cl quadrupole coupling per quantum of 
vibration energy would need to be —10 percent. Actual rough 
measurement shows this change to be +3 percent +3 percent. 
Although the effect of vibration in CHsCl has not been measured 
specifically, the quadrupole coupling change per vibrational excita- 
tion would have the ridiculously large value of 20 percent if it is 
to explain the variation in apparent quadrupole mon. ent ratios, 
and hence this explanation is ruled out. 

Two other effects which can produce a variation in the apparent 
quadrupole moment ratio are a second-order perturbation of the 
electronic levels by the nuclear quadrupole coupling and a penetra- 
tion of the nuclear volume by electronic charge. The variation due 
to either one of these effects, however, would be much too small 
to account for the observed discrepancy. 

A reasonable explanation of the discrepancy is that a polariza- 
tion of the Cl nuclei occurs in the molecular electric fields. If the 
nuclear polarizability depends on the direction of polarization 
with respect to the spin axis of the nucleus, then the classical 
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energy of polarization can be shown to be 


We=—| (art2a0(“), }+ {eran 


x este |,Pslcosl, J), 
where a,= polarizability along the nuclear axis, a,= polarizability 
perpendicular to the nuclear axis, p=charge density (outside the 
nucleus considered), r= distance from center of nucleus to charge, 
@_=angle between molecular axis of symmetry and charge, 
ZJ=nuclear spin, and J=angular momentum of molecule. The 
quantum-mechanical equivalent of a,—az is 


21(I+1) > CI ton| ater }?—C| Hon| atmr— 
27-1 “~* En—Eo 





ag ag= 


where Ep and E, are the nuclear energies in the ground and 
excited states, respectively, and | on|s-1 is the z-component of 
the dipole matrix element between these two states for the mag- 
netic quantum number M=/. 

With the above definition of a,—az, the proper expression for 
the anisotropic part of the polarization energy for a nucleus on 
the axis of a symmetric molecule is 


) ae ae] 
21 (22 —1)(2J —1)(2J +3) 


3K? 
(J+1) 


where C=F(F+i)—J([+1)—JVJ+)), 


be [es COS*0_ — 1) 
ei rt 





W= §e(a2—az)p 


].- 2(E,?— E,*) mw. 


E, is the electric field at the nucleus parallel to the molecular 
axis due to all charges outside the nucleus. 

Hence the polarization coupling constant $e(a,—az)p is equiva- 
lent to a quadrupole coupling constant egQ and distinguishable 
only because p depends on the inverse fourth power of r, while ¢ 
depends on the inverse cube. The ratio of apparent quadrupole 
moments of Cl®* and Cl? isotopes will be 


Qss+3(as—az) 3s(p/g) 
Qut4(as—az)sx(p/g) ’ 





which will vary when p/g varies unless 
Qss/(as— ez) 95= Os1/ (a2 — az) 37 


The lowest known energy level of Cl* is 0.6 Mev, while the 
lowest for Cl” is 2.7 Mev,} so that their polarizabilities may be 
somewhat different. Assuming a single-particle model, the differ- 
ence of the matrix elements 


C| Hon | acms—C| Hom | ats 


will be of the order of e*r,*, where r, is the nuclear radius, and 
hence (a,—az) for Cl® can be approximated, with L:i—-EK,=0.6 
Mev. Although a number of higher levels may contribute to a,, 
they would probably not affect the difference (a,— az) appreciably. 
From the use of Hartree wave functions‘ for K* and K** it is 
found that for a 3p-electron (1/r4)y*7.5((1/r*))*8, so that p can 
be estimated from the known value of g. Hence je(a,—az)p for 
Cl® in CH;Cl would be approximately 0.20 Mc, or 1/550 of egQ. 
If, therefore, the ratio p/g changes by 90 percent between CH;Cl 
and GeH;,Cl, the observed discrepancy of one part in 600 in the 
Cl*C}* quadrupole moment ratio would be produced. 

In the particular case of K+ and K*+, Hartree wave functions‘ 
indicate that p/g for the 3p-electrons changes by only three 
percent. However, this value may differ considerably from the 
change between the CH;Cl and the GeH;Cl molecules. 
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A rather large possible error should be allowed for the above 
estimate of the size of the polarization effect because of uncer- 
tainties, not only in p/g but also in the dipole matrix elements 
and the nuclear energy levels. The lowest known Cl* level is 
0.6 Mev, but investigation might reveal other lower levels in 
either Cl® or Cl’. 

One of the authors has benefited from discussions of polarization 
effects with I. I. Rabi and A. Bohr. Thanks are also due to Mr, L. 
C. Aamodt for calculations. 

* Work supported jointly by the Signal Corps and ON 

1 Geschwind, Gunther-Mohr, and Townes, Phys. Rev. ti. 288 (1951). 

2H. M. Foley, Phys. Rev. 72, 504 (1947). 

*D. E. Alburger and E. M. Hafner, Brookhaven Laboratory Report 


BNL-T-9 (July 1, 1949) Canqeneypse. 
4W. Thatcher, 'Proc. Roy. Soc. . (London) 172, 242 (1939). 


A Canonical Transformation in the Theory 
of Particles of Arbitrary Spin 
W. A, HEPNER 
Department of Mathematics, Imperial College of Science 
and Technology, London, England 
October 20, 1950 


UCH of the work in the theory of elementary particles of 
arbitrary spin' is based on the assumption that the rela- 
tivistic spin operator is of the form 


tus= (ox, Ye) = const -#(8u8>— Bry) 
k=1,2,3; yp, »=1, 2, 3,4. 

It may therefore be of interest to point out a general condition 
under which this form of the spin operator can be derived as a 
result. Also, the knowledge of this condition provides a desirable 
short-cut in the otherwise lengthy derivation of the commutation 
relations of the 8, and in work on the solutions of the wave 
equation, particularly for the higher spins. 

The equations expressing the relativistic invariance of the linear 
first-order wave equation are 


[Bi, a; ]=0, [Bi, ox ]=ifi, [Bs, oi ]=0, 
[8:, veJ=0, (Bx, ve]=i8s, (Bs, ve ]=—iBr, 
where [A, B]=AB—BA, and (i, k, J) are in cyclic order. On the 
other hand, the commutation relations between the components 
of the relativistic (6-vector) spin operators are 
(a) Cvi,0J=0; (b) [vi oe] =i, 
(c) Cvs, veJ=ior; (d) [oi, ox]=ior. 
The similarity existing between Eqs. (2a, b) and (3a, b) sug- 
gests that the equations can be solved by the following S-trans- 
formation 


(1) 


(2) 


(3) 


ve= SHS, 


SopS=o%, SBsS'=Bi, 
with \ as a (real) number. It follows from Eqs. (2d, e, f) that 
C(S~?)*yeS?+ ye 18 yu — BuL(S~)*y0S?+ ye] =0. (5) 


The operator [(S)*y.5?+%] thus commutes with the whole 
complex generated by the 8, and is, therefore, a multiple of the 
unit operator. Since from (3b), Spur(+z)=0, it follows that 


Set S?=0, (6) 


S*Be+rS?=0, (7) 


S* thus commuting with all of the By. It can be deduced, therefore, 
that S? is a constant multiple of the operator 4 the existence of 
which is necessary for the covariance of the wave equation under 
reflections of the three space axes. 

Applying the canonical transformation (4) and (6) to (2f) and 
(3c), the important expression (1) is now obtained as a result. 


(4) 
(4’) 


where 


whence also 
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An immediate consequence of the canonical S-transformation is 
the equality of the characteristic equations of \8, and go. For, 
owing to the complete parity of all four 8,, the characteristic 
equations of oy and yz are the same and, according to (4), so 
are the characteristic equations of yz and A,. Also, the four 
operators yk and Af, satisfy the same commutation relations as 
do the four \8y. This knowledge effects considerable simplification 
not only in the derivation of the commutation relations of the B,, 
but also in the construction of solutions of the wave equation from 
the elementary solutions in the rest system by Lorentz trans- 
formations. 

The expressions for the canonical transformation (4) in the 
cases of the Dirac electron, the Duffin-Kemmer meson, and 
Bhabha’s particle of spin 3/2 are represented by 

S=const-exp(i}7f,). (8) 
In particular 
Seteotron = (1—484)/V2 
Smeson = 1—i8,— 8? 
Sue si(3— Sis. —200+ isa), 


The inverse operators are obtained simply by replacing i by —#. 
1H. J. Bhabha, Revs. Modern Phys. 17, 200 (1945). 


(9) 


An Unusual Nuclear Event* 
Pau. R. BARKER 
University of Michigan, Ann Arbor, Michigan 
October 16, 1950 


NUCLEAR event, unusual in that it produces two electron 

showers but no charged penetrating particles, has been ob- 
served in a cloud chamber operated at sea level. Figure 1 shows 
one of the stereoscopic views. The nuclear event appears to have 
been initiated by particle A, which has the proper orientation to 
have triggered the chamber by passing through the counter tele- 
scope directly above. This track is of approximately minimum 
ionization and therefore it seems improbable that it represents a 
particle projected upward from the point of interaction. The 
energies and directions of the two showers, B and C, are consistent 
with the assumption that each shower was initiated by one of the 
photons resulting from the decay of a neutral r-meson of extremely 
short lifetime. No high energy charged particles are produced 
and therefore most of the kinetic energy of the initiating particle 
is given to the neutral meson, if one assumes that there are no 
other energetic neutral particles. It is improbable that there is 
more than one neutral meson, since then there would be at least 
two more photons which would have to be emitted in such direc- 
tions as to escape detection. A rough estimate, based on range and 
ionization, indicates that the energy of the three heavily ionizing 
particles, assumed to be protons, is 5 percent-+:5 percent of the 
energy present in the showers. Thus, allowing an equal energy for 
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Fic. 1. Nuclear interaction produ 
but no energetic char; 


two energetic photons 
particles. 


neutrons, the meson receives about 90 percent: 10 percent of the 
total energy. } 
The nuclear interaction takes place in a }-in. aluminum plate. 
Shower B starts in a }-in. brass plate, and shower C starts in the 
first of four }-in. lead plates. The separation of positive and nega- 
tive ions in the clearing field indicates that the showers occurred 
at the same time as the nuclear event. The axes of the showers 


intersect at approximately the point of the nuclear interaction and 7 


make angles of 13° and 4° with the direction of particle A. From 
the numbers of electrons produced, it was estimated that the en- 
ergies of showers B and C are 300 Mev and 1000 Mev respectively. 
Assuming that a meson of 140-Mev rest energy decays into two 
photons with energies of 300 Mev and 1000 Mev, one finds that 
the total included angle should be 15°, which compares favorably 
with the measured angle of 17°. 

If the meson receives most of the energy of the incident particle, 
it should continue very closely in the direction of that particle. 
Thus a further check can be made of the consistency of the above 
assumptions. It can be shown that photons emitted at angles of 
13° and 4° to the direction of motion of the meson will have en- 
ergies of 270 Mev and 850 Mev, which values are in good agree- 
ment with those given previously. 


ase work was financed in part by the joint program of the ONR and 
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Proceedings of the American Physical Society 


Minutes of the 1950 Thanksgiving Meeting at Chicago, November 24-25, 1950 


HE 301ist meeting of the American Physical 

Society was held at Chicago, in the buildings 
of the University of Chicago (with one session at 
the Museum of Science and Industry), on Friday 
and Saturday, November 24 and 25, 1950. This will 
be remembered by those who were there as a frozen 
meeting; it was not the coldest in the history of the 
Society (this dismal eminence will probably always 
be retained by the Cambridge meeting in the 
winter of 1933-1934) but it was cold enough. No 
blame for the weather (which was still worse in 
regions from which many members came) attaches 
to the Local Committee, which was able to make 
adequate and amazingly good arrangements for 
the largest meeting ever held in Chicago—twenty- 
two sessions of which six were simultaneously held 
at the University both on the Friday afternoon and 
on the Saturday afternoon, comprising three sym- 
posia, seven other invited papers and one hundred 
and ninety-two ten-minute papers. The Institute 
for Nuclear Studies lent us the services of some of its 
staff, and very particular gratitude is due to Doro- 
thy C. Johnson of that Institute for supervising 
the entirety of the very complicated planning. 
The attendance at the meeting was at least 625. 

The text of the Bulletin, apart from the prelimi- 
nary pages, is republished intact in the following 
pages; errata will follow if any are submitted by 
the speakers. Mention is here made that the three 
symposia were provided by three of our Divisions 
(Electron Physics, High-Polymer Physics, Solid 
State Physics) and that the invited speakers were 
Enrico Fermi, Alexander Langsdorf, Jr., E. M. 
Lyman, N. F. Mott, J. R. Platt, H. T. Richards, 
and Frederick Seitz. 

The banquet of the Society was held in Ida Noyes 
Hall of the University of Chicago on the Friday 
evening, with an attendance of 226. K. K. Darrow 
gave a memorial address in honor of John T. Tate, 
late Managing Editor of the Society and Editor of 
Physical Review; and N. F. Mott spoke under the 
title “Science and Government.” 

The Council met on the Sunday following. To 
Fellowship were elected twenty candidates, and to 
Membership three hundred and thirty-seven; their 
names are appended. It named the first officers 
(to serve for 1950-1951) of the new Division of 
Chemical Physics: R. S. Mulliken (Chairman), 
J. G. Kirkwood (Vice-Chairman), J. R. Platt 
(Secretary), F. G. Brickwedde (Treasurer), J. E. 
Mayer, H. H. Nielsen, O. K. Rice (additional 
members of Executive Committee). 


The Nominating Committee, called into special 
session after the death of John T. Tate, had nomi- 
nated S. A. Goudsmit as his successor in the post 
of Managing Editor of the American Physical 
Society, which carries with it the Editorship of 
Physical Review. After conferring with the Council, 
Dr. Goudsmit accepted nomination to this impor- 
tant, responsible, and difficult position; his name 
will appear on the election-ballot. The Council will 
provide him with the services of an Assistant Editor 
and the requisite secretarial help. Dr. Goudsmit 
will remain on the staff of Brookhaven National 
Laboratory, and the editorial office will be located 
at the laboratory site. This will be a great contribu- 
tion by Brookhaven and the Atomic Energy Com- 
mission to the science of physics. 

A letter from H. A. Barton to Robert L. Clark 
(Director, Manpower Office, Executive Office of 
the President, National Security Resources Board, 
Washington, D. C.), dated November 8, 1950, will 
soon be published in Physics Today. Concerning 
this letter, the Council directed the Secretary to 
send the following message of Messrs. Barton, 
Clark, and G. R. Harrison, and to publish it in 
these Minutes: 

“The Council of the American Physical Society 
cannot endorse the letter of H. A. Barton of 
November 8, 1950. The Council also is disturbed 
by the conclusions, which, it has reason to suppose, 
are being reached as a result of the ‘manpower 
meeting’ held at the building of the National 
Academy of Sciences in Washington on November 
13, 1950. The President of the Society has been 
empowered to appoint a Committee to study these 
questions.” 

Following are printed the lists of the candidates 
elected to Fellowship and to Membership in the 
American Physical Society on November 26, 1950. 


Elected io Fellowship: Valentin Bargmann, H. S. Brown, R. 
J. Cashman, R. W. Engstrom, Kasimir Fajans, Simon Freed, 
R. Frerichs, J: J. Hopfield, D. F. Hornig, D. W. Kerr, Leona 
Marshall, Oetjen, D. M. Robinson, F. D. Rossini, 
H. W. = bier “3. S. Sidhu, A. L. Sklar, J. S. Smart, J. W. 
Stout, and A. L. Turkevitch. 

Elected to Membership: Georgette Albouy, Perry B. Alers, 
Harry C. Allen, Jr., Saul Altshuler, Mohammad R. Amin, 
Donald J. Anthony, Charles H. Arrington, Jr., Kenneth C. 
Bandtel, Stanley E. Barden, John P. Barry, George W. 
Barton, Jr., Van W. Bearinger, Max Bender, Francis A. 
Benedetto, Donald J. Berets, Ted G. Berlincourt, Hilmer W. 
Besel, Daniel N. Beshers, Jacob Bigeleisen, R. Byron Bird, 
John W. Bittner, Henri Bizette, Frank J. Blatt, Henry V. 

Bohm, Martin Boloten, Charles A. Boyd, Thomas J. Boyd, Jr., 
Franklin H. Branin, Jr., John L. Braud, Robert G. Breene, 
Jr., Richard T. Brice, Ronald A. Brightsen, Sidney Brooks, 
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Robert H. Brout, Hugh N. Brown, Karl L. Brown, Warren L. 
Buck, Wayne A. Burnett, William A. Butler, Fredric W. Cagle, 
Jr., Thomas R. Carver, Yvette Cauchois, Martin Caulton, 
Paul T. Chan, Ernst H. Cherrington, Jr., Robert L. Chris- 
tensen, Robert W. Christy, David D. Clark, Francis H. Clark, 
Joe S. Clark, Wesley A. Clark, Jr., Robert S. Codrington, 
Bowman C. Collins, Richard H. Comer, Barnett C. Cook, 
Edward L. Corcoran, Richard C. Cornelius, Myron L. Corrin, 
Lester Corrsin, John P. Cox, Alba D. Craft, David J. Craig, 
William H. Cramer, Edwin A. Crosbie, Abbey B. Cullen, Jr., 
Vaughn E. Culler, Irene Joliot-Curie, John P. Curtis, Richard 
E. Cutkosky, Melvin A. Dachs, Nicolo Dallaporta, Marian 
Danysz, William C. Davidon, Costa de Beauregard, Kent G. 
Dedrick, Joseph de Heer, Herbert De Staebler, Jr., Daniel 
P. Detwiler, Robert W. Deutsch, George W. Dickson, Hendrik 
Dijkstra, Edward E. Dodd, Robert C. Doerner, Marcia 
Doolittle, Nancy Dorny, John A. Doughty, John Bernard 
Drahmann, Maurice Dubin, Bernard J. Dunn, David B. 
Dutton, Henry T. Dybvig, Frank S. Eby, Milton C. Edlund, 
Dean S. Edmonds, Jr., Gert Ehrlich, Allen R. Ellis, M. Zaki 
El-Sabban, Charles R. Emigh, Theodore C. Engelder, Frank 
Evans, George T. Ewan, Walter J. Fader, Kenneth Fearnside, 
John S. Fostor, Jr., Erwin Fues, Osmund T. Fundingsland, 
LeRoy R. Furlong, William B. Gager, William J. Galloway, 
Richard A. Gardner, Wolfgang Gentner, Murray Gershenzon, 
Peter G. Gibbs, Charles G. Gilbart, Neel W. Glass, Alfred E. 
Glassgold, Maurice Glicksman, Donald V. Gnau, Izabella 
Goldin, Yves Goldschmidt-Clermont, Garry D. Gordon, 
Raymond A. Grandey, Edward F. Greene, Richard D. Greene, 
David F. Griffing, John S. Grosso, Leonard I. Grossweiner, 
Richard Grover, Harry E. Gunning, Beat Hahn, William R. 
Harp, Jr., William M. Harris, Don E. Harrison, Jr., Herbert 
A. Hauptman, Satio Hayakawa, Walter Helly, Ernest M. 
Henley, Frank Herman, Jack M. Hirshon, James G. Hol- 
brook, John H. Holland, Robert J. Horsley, Charles M. Howe, 
Horace A. Howe, Yee-Chuang Hsu, Elsa L. Huber, Donald R. 
Hutchinson, Francis E. Jablonski, Herbert L. Jackson, P. 
Jacquinot, Ali Javan, Frederick A. Johnson, John L, Johnson, 
Lawrence W. Jones, Karl T. Jonsson, J. Paul Jordan, James 
Joseph, Walter R. Kane, Manuel A. Kanter, Henry J. Karam, 
Arthur L. Karp, Sidney W. Kash, Margaret M. Kearns, 
John M. Kennel, Frank Keywell, Henry A. Kierstead, Wil- 
liam J. King, Jr., Harrold B. Knowles, Jr., George F. Koster, 
Alfred A. Kraus, Jr., Wallace S. Kreisman, Ulrich E. Kruse, 
Edward T. Kubu, Melvin Labitt, Robert A. Lad, Stanley A. 
Landeen, Almon E. Larsh, Jr., Kalervo V. Laurikainen, Nor- 
man H. Lazar, Sidney Lees, William Z. Lemnios, Meyer Lepor, 
Edward J. Leshan, Charles A. Levine, Henry R. Lewis, David 
A. Liberman, Philip G. Lichtenstein, William T. Lindsay, Jr., 
Herbert G. Lipson, Elton L. Litchfield, Ernst M. Loebl, Nelson 
A. Logan, Marvin Lubin, Frederick A. MacMillan, Hormoz M. 
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Mahmoud, Richard T. Mara, Stanley Marder, Hershel Marko- 
vitz, Irvin Marshall, Paul T. Matthews, Eugene K. Maun, 
John G. Mavroides, Donald S. McClure, Joel W. McClure, 
John G. McCubbin, Robert W. McMurrough, Per E. Melin, 
Alfonso Merlini, Lewis E. Miller, Richard C. Miller, Al- 
fred P. Mills, Marvin H. Mittleman, George Moe, Lynn R. 
Momo, Dewey Moore, Henry M. Morgan, Tetsu Morita, 
William E. Mott, Ambuj Mukerji, Burton H. Muller, Olen 
A. Nance, Robert K. Nesbet, Gertrude F. Neumark, Jack B. 
Niedner, Eunice Niles, Martin Nisenoff, Lawrence C. Noderer, 
James F. Norton, Walter A. Oberheim, Nathan Ockman, 
George F. O'Neill, Alan Oppenheim, David G. Ott, William 
Patterson, Jr., Ronald S. Paul, Harry M. Peek, Michael J. 
Pentz, Miles T. Pigott, Donald K. Pollock, Donald A. Pon- 
tarelli, Albert G. Prodell, Vetury Ramakrishna Rao, Alfred 
G. Redfield, Frederick P. Reding, Rowland W. Redington, 
Stanley F. Reed, Willard A. Reenstra, Harvey N. Rexroad. 
Herman Ritow, Thomas R. Robillard, David Z. Robinson, 
George W. Robinson III, Harold B. Robinson, Jr., Jack Rosen, 
John C. Rowley, Byron W. St. Clair, Raymond C. Sangster, 
Harry Schiff, Frederick W. Schmiedeshoff, Jr., Otto Schnepp, 
Glen E. Schrank, Frank Schroeder, Helmut Schwarz, Stephen 
M. Shafroth, David S. Selengut, John H. Shaw, Kurt E, 
Shuler, Ronald J. Sladek, Donald M. Slager, Lawrence M. 
Slifkin, Ernst R. Smith, Sheldon D. Softky, Nicholas Solimene, 
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Errata Pertaining to Papers B6, B10, C2, H2, Kil, 
LS, V1, V5, and Session N 


B6, by T. R. Roberts and Alfred O. Nier. The measured 
value should be S® = 31.9823+0.001, a result which indicates 
that the value of reference 1 is too low rather than too high. 

B10, by Guy C. Omer. This research was supported in part 
by the ONR. 

C2, by G. Dejardin and R. Falgon. D. Dejardin should read 
G. Dejardin. This error also appeared in the Index of the 
Bulletin. 

H2, by L. G. Schulz. L. G. Schultz should read L. G. 
Schulz. This error also appeared in the Index of the Bulletin. 

K11, by Goldhaber, Williamson, Jackson, and Laubenstein. 


In the fourth line from the bottom the cross section should 
read 0.14 10™** cm?/steradian. 

LS, by A. S. Nowick. A. S. Novick should read A. S. Nowick. 
This error also appeared in the Index of the Bulletin. 

V1, by Alexander Langsdorf, Jr. The name of the speaker 
should be Alexander Langsdorf, Jr. with only one f. This error 
also appeared in the Index of the Bulletin. 

VS, by Pasternack, McReynolds, Weiss, and Corliss. In the 
table, 0.10 should read 0.14 and 0.18 should read 0.39. 

Session N. The name of the chairman should be W. G. 
Shepherd. 











PROGRAMME 


FRIDAY MorRNING AT 10:30 
Mandel Hall 
(I. I. Rast presiding) 


Invited Papers 


Al. High Energy Nuclear Events. Enrico Fermi, University of Chicago. (45 min.) 
A2. Electronic distribution in alloys. N. F. Mott, University of Bristol. (30 min.) 


FriIpAY MorninG AT 10:00 
Eckhart 133 
(L. A. TURNER presiding) 


Papers Not Classed Elsewhere 


Bl. The Use of Conducting Extensions of Small Pool-Type 
Cathodes in Arcs. B. PEARSON DELANY AND Paut L. Cope- 
LAND, Illinois Institute of Technology—Lufcy and Copeland! 
found that the stability of arcs with pool-type cathodes was 
increased markedly by confining the cathode spot within a 
glass constriction. One of the disadvantages of this structure 
is the difficulty of establishing a discharge within the con- 
striction. In one part of the present work, constrictions formed 
from semi-conductors confine the cathode spot to a limited 
area of the pool surface. In another part of this work, the con- 
striction is formed by a glass tube pulled down into a taper. 
A drop of liquid at the small end serves as cathode pool, and 
the conducting extension in this case is made by coating the 
interior wall of the taper with a thin film of metal in electrical 
contact with the pool. In either of these arrangements, a 
glow between the extended cathode structure and an anode 
placed several centimeters above it is readily established. 
Under favorable circuit conditions, transition to an arc is 
rapid. When the arc is operated at low currents, an increase in 
the stability of the arc with reduction of the pool area within 
the constriction is observed. 


1C. W. Lufcy and P. L. Copeland, J. App. Phys. 16, 740 (1945). 


B2. Control of Low Current Arcs by Conducting Constric- 
tions. PauL L. CoPpELAND AND B. PEARSON DELany, Illinois 
Institute of Technology.—A constriction of resistance material 
in contact with a cathode pool serves as a very useful control 
electrode when an electrical connection is made to the part of 
the structure extending away from the pool. An arc may be 
initiated by applying a positive potential which is very much 
less than that required for the formation of a glow. In this 
work experimental arcs have been started and operated from 
a 50-volt d.c. source. With a current of an ampere or more, 
the arc continues after the potential is removed from the con- 
trol electrode. When a positive potential is maintained on the 
control electrode, the anode current may be reduced to the 
order of 100 milliamperes. The current carried by the control 
electrode in this case may be about 50 milliamperes. When 
the anode current is low, the removal of the potential from the 
control electrode results in the rapid extinction of the arc. 


B3. Stability of Short Arcs in Oxygen, Hydrogen, and 
Helium. W. M. BruBAKER, Westinghouse Research Labora- 
tories.—An arc drawn between separating contacts is known 


to be very unstable, in the absence of oxygen, in the usual 
power circuit. To study this instability experiments have 
been made in which a four-ampere arc in a 125-volt d.c. re- 
sistive circuit was repeatedly restruck between separating 
contacts. Various metals were used as cathodes, with spec- 
troscopically pure carbons as anodes, in various gases. Data 
have been obtained showing the dependence of average arc 
duration after ignition on the cathode material and on the 
pressure and kind of surrounding atmosphere for a number of 
metals in oxygen, hydrogen, and helium. Oxygen exhibits an 
extraordinary stabilizing influence for most metals, whereas 
in hydrogen the mean life of the arc is generally less than ten 
milliseconds even at atmospheric pressure. 


B4. Electron Loss Cross Sections for Hydrogen Atoms 
Passing Through Hydrogen Gas. S. K. ALLison, J. H. Mon- 
TAGUE, AND FRED RIBE, University of Chicago.—Measurements 
have been made of the electron-loss cross section in hydrogen 
gas for hydrogen atoms moving with kinetic energies between 
45 kev and 329 kev. The proton beam from a high voltage 
accelerator was passed through a thin window (8-15 kilovolts 
thick in various cases) and entered a chamber which could be 
filled with a known pressure of hydrogen gas. The chamber 
was located between the pole faces of a magnet capable of 
producing a field up to 8000 gauss. On emerging from the 
window the beam contained a neutralized fraction of hydrogen 
atoms. When hydrogen gas was admitted, some of these 
atoms were stripped of their electron and the proton thus 
formed bent out of the beam by the magnetic field. This 
attenuation of the beam could be expressed as an electron-loss 
cross section which varied from 6.6.x 107? cm? to 2.2; 107" 
cm? per hydrogen atom at the limiting energies quoted above. 
Between 120 kev and 329 kev the cross section was found to 
vary approximately as E*, where E is the kinetic energy of the 
atom, and n is —0.70+.05. 


BS. A Versatile All-Metal 60° Mass Spectrometer. RUSSELL 
BALDOCK AND JOHN Sites, Oak Ridge.—A mass spectrometer 
has been constructed of stainless steel and uses aluminum 
gaskets for the vacuum seals. The VFM 100 D. P. I. diffusion 
pump is backed by a Welch 1405 forepump. A cold trap is held 
at —60°C by a refrigerator compressor system charged with 
freon 22. In addition, a liquid nitrogen trap may be used. 
The overhead mounted magnet has an Alnice iron yoke, with 
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16 individually wound, air-cooled coils. The magnet is supplied 
directly from a 2 kw G. E. amplidyne, which is controlled by 
an electronic regulator. Magnetic scanning is accomplished 
with a motor-driven helipot in the input comparison circuit 
of the amplidyne regulator. The source and receiver are modi- 
fications of the commonly used Nier type. Data on mass spec- 
tra may be recorded on an L and N Speedomax, read from a 
galvanometer scale, or taken using a bucking potentiometer 
on the grid of the VX-41A electrometer tube. Preliminary 
work has been done on appearance potentials and mass crack- 
ing patterns of calutron charge materials. 


B6. The Mass “Synchrometer” and Measurement of the 
Mass of S**.* Linco_n G. Smitu, Brookhaven National Lab- 
oratory.—A new method has been developed for accurately 
measuring the rotation period (7) of ions in a uniform mag- 
netic field. After passing through a slit 180° from the source, 
ions are subjected to an electric field of small extent in space 
and time. Thus is formed a short bunch having reduced energy 
and free to execute a large number (n) of rotations in the same 
plane without striking the source. Reestablishment of the 
electric field at time nT later further reduces the energy of the 
bunch so that it strikes a detector. Electronic measurement of 
the interval between two applied voltage pulses for maximum 
current to the detector yields a value of the ionic mass. From 
measurement of the time difference for St and O,* bunches 
(n=40, nT =840 ysec.) formed in SO2, a value S=32.9823 
+0.0010 agreeing with Aston’s has been obtained. This result 
indicates, but does not prove, that a more recent value! is too 
high. Results to date have been obtained in a small preliminary 
instrument. A larger “‘synchrometer” employing higher fields, 
believed capable of a precision of 10° or better is being designed. 


* Research crapiat out at Brookhaven National Laboratory, under the 


auspices of the 
1 T. Okuda and K. Ogata, Phys. Rev. 60, 690L (1941). 


B7. On the Dissociation of Oxygen Molecules in the Upper 
Atmosphere. Ta-You Wu, National Research Council, Can- 
ada.—It has been shown by Moses and Wu! that on the basis 
of the conditions for steady state, namely, (a) constancy of 
number concentrations of atoms and molecules, (b) constancy 
of temperature, and the barometric equation, it is possible to 
determine the temperature and the concentrations of the 
oxygen atoms and molecules as functions of height, provided 
the temperature and the temperature gradient are given at a 
certain height where the theory holds. Further calculations 
have been carried out. The variation of the degree of dissocia- 
tion with height obtained differs from the results of Rakshit* 
and of Penndorf.* The causes for the difference between the 
theory of Moses and Wu and those of Rakshit and Penndorf 
are pointed out. It is shown that Penndorf's result would 
correspond to the following situation: an atmosphere with the 
normal proportion of Nz and O:, which is separated by hori- 
zontal, transparent partitions so that, while radiation can 
come down, the atoms and molecules after dissociation cannot 
redistribute themselves. The basic assumptions of the three 
theories are discussed. 

1H. E. Moses and T. Y. Wu, Phys. Rev. 78, 333 (1950). 


2H. Rakshit, Ind. J. Phys. 21, 57 (1947). 
*R. Penndorf, J. Geophys. Res. 54, 7 (1949); Phys. Rev. 77, 561 (1950). 


Bs. A Contribution to the Theory of Bose-Einstein Liquids. 
C. V. Heer anp J. G. Daunt, Ohio State University.— 
Smoothed potential models for liquid He‘ and liquid He® in 
which each are considered as ideal Bose-Einstein and Fermi- 
Dirac gases situated in potential wells of potential —x,.° and 
— x3°, respectively, are considered. It is shown that the lambda 
transition temperatures, 7}, of solutions of such liquids can be 
calculated. The calculated values of 7}, as a function of con- 
centration of He’, appear to be in satisfactory agreement with 
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the observed values. Detailed calculations have been made 
of the vapor pressures of such smoothed potential liquid models 
of He‘ and He? in solution. The results indicate that, in the 
temperature range above 1°K for solutions of not too high 
concentration of He’, the total vapor pressure would be higher 
than that given by Raoult’s law for temperatures both above 
and below the A-temperature of the solution. In this way the 
experimental results for the vapor pressure of ’such*solutions, 
first emphasized by Taconis, ef al., can be explained and good 
agreement between theory and experiment is evident. 


B9. The Velocity of Second Sound in He*-He‘* Mixtures. 
Ernest A. Lynton* anD Henry A. FatrBank, Yale Uni- 
versity**.—Extending our preliminary measurements,! we 
have obtained the velocity of second sound in He*-He* mix- 
tures for temperatures between 1.24°K and 1.95°K and He? 
concentrations ranging from 0.09 percent to 0.80 percent. 
Even with these small concentrations of He* the second sound 
velocity at lower temperatures was found to be much larger 
than that for pure He‘, the difference increasing with decreas- 
ing temperature and increasing concentration, in general agree- 
ment with Pomeranchuk’s predictions.* At 1.26°K, e.g., the 
velocity was 19.08 meters/second for pure He‘, 24.04 m/sec. 
for 0.41 percent He*, and 27.09 m/sec. for 0.80 percent He’, 
while at temperatures above 1.95°K the difference between 
pure Het and the various concentrations of He’ was less than 
the experimental error of one percent. 

* Du Pont Conpene Postgraduate Fellow. 

** Assisted by the ONR. 


1E. A, Lynton ond H. A. Fairbank, Phys. Rev. 79, 735 (1950). 
21. Pomeranchuk, J. Exp. Theor. Phys. *tisSR 19, 42 (1949). 


B10. The Cosmological Constant as Derived from a Cluster 
of Galaxies. Guy C. Omer, JR., University of Chicago.— 
Clusters of galaxies are assumed to arise from small fluctua- 
tions in the initial density at the beginning of the expansion of 
the universe. A non-homogeneous, spherically symmetric cos- 
mological model is considered which has a cluster at the 
coordinate orgin and is surrounded by a homogeneous expand- 
ing field. The interior of the cluster can be oscillating and 
presently contracting. The periphery of the cluster must be 
monotonically expanding. There must be a transition zone 
which is asymptotically expanding to the Einstein static state. 
Since matter in the neighborhood of this transition zone is 
expanding or contracting at a very slow rate, a break in the 
density-radius curve of the cluster is to be expected. The loca- 
tion of this break would be determined by the ratio of the 
cosmological constant to the average mass of a galaxy. The 
cluster of galaxies in Coma Berenices was investigated with the 
Palomar 48” Schmidt telescope. A break was found in the 
density curve as integrated from the counts of galaxies pro- 
jected against the sky. If the average mass of these galaxies 
is of the order of 10° that of the sun, than the cosmological 
constant is of the order of +10~ (It-yrs)~. 


B11. The Space-Time World and Physical Laws. RospEert 
E. Bass, University of Toledo.—The existence of physical 
systems for immensely long periods is so basic and conspicuous 
in fact in the entire universe that this existence itself is a 
characteristic property of the cosmos. Continued existence or 
development of a physical system will, however, not follow 
from an initial state, unless simultaneous quantities in that 
state are connected by particular mathematical relations. 
Such relations are not causal laws and are irreducible to causal 
laws alone.' Furthermore, those relations are irreducible to 
probability laws. Less entropy and more available energy of 
a system at an earlier state will not enforce the actual validity 
of those relations at a later state. Hence there are two distinct 
basic kinds of order in the physical world: (I) An order of facts 
succeeding each other in time, (II) Such an order of simul- 
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taneous facts that systems can develop and continue to exist. 
Examples for the occurrence of II are: Non-vanishing mean 
mass density in the universe, stability of galaxies and of the 
solar system, and specific relations between simultaneous facts 
in biological organization. 


1R. E. Bass, Phys. Rev. 79, 201 (1950). 


B12. General Theory of Current Stabilizers. J. J. GIL VARRY 
AnD D. F. RutLanp, Rand Corporation and Institute for Nu- 
merical Analysis, N.B.S.—The general theory of the linear 
four-terminal current stabilizer is developed by specifying an 
arbitrary stabilizer by four parameters (current-stabilization 
factor #, internal resistance r, equivalent shunt resistances g 
for open-circuited output and p for short-circuited output) 
which are necessary and sufficient for a complete specification. 
The current statilization factor ¢ can be expressed as ¢=sr, 
where s is the voltage-stabilization ratio of the current sta- 
bilizer viewed as a voltage stabilizer. By means of an equiva- 
lent circuit derived' for the general voltage stabilizer, the 
general solution is obtained for the problem of expressing the 
over-all performance parameters of a current stabilizer in 
terms of parameters of the stabilizer itself and the load and 
supply resistances. Two special cases are discussed: one is the 
current-stabilizer analogue of a type of voltage stabilizer for 
which Hunt and Hickman? have given the theory; the other 
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is the passive current stabilizer. Confirmatory experimental 
results are presented. 


1J. J. Gilvary and D. F. Rutland, Phys. Rev. 80, 129(A) (1950). 
?F, V. Hunt and R. W. Hickman, Rev. Sci. Inst. 10, 6 (1939). 


B13. Head Wave Produced by a Point Source. E. GrEr- 
yuoy, University of Southern California.—A very careful 
analysis has been made of the reflection of a pulse of sound 
from a point source in one non-absorbing liquid separated 
from a second non-absorbing liquid by an infinite plane 
boundary, thereby clarifying the mechanism of propagation 
of the head wave which arises when the index of refraction 
is < 1. The head wave is shown to be a consequence of devia- 
tions between geometrical and wave propagation, which cause 
rays incident at the critical angle to be refracted along the 
surface with finite amplitude. It is shown without approxima- 
tion that the head wave in the first medium is precisely the 
wave required to satisfy the boundary conditions for this re- 
fracted wave in the second medium. That the head wave does 
actually form plane wave fronts in the first medium, reflected 
from the surface at the critical angle, is shown by using 
Huyghens'’ principle. Finally it is shown without approximation 
that a pulse of sound is received in the first medium at a time 
corresponding to propagation along the surface with the wave 
velocity of the second medium. The possibility of direct ex- 
perimental confirmation of the existence of the head wave in 
the analogous electromagnetic problem will be discussed. 


FrmpDAY MorninG AT 11:30 
Breasted Hall 
(J. R. PLatrt presiding) 


Optical Physics and Microwave Spectroscopy 


Cl. Interference Films on Glass. Scorr ANDERSON, The 
Anderson Physical Laboratory.—Interference films on optical 
glass have been studied by means of channelled spectra. The 
variation of thickness and refractive index was measured as a 
function of time in an acid bath. The thickness change fol- 
lowed a definite function of time which is concave toward the 
time axis but does not conform to a diffusion mechanism. The 
refractive index shows an initial decrease followed by an in- 
crease which remains about equal to that of the base glass as 
the film thickness increases. These results indicate that the 
interference film forms by a narrow region of great disor- 
ganization moving as a “front” into the base glass. As the 
front moves into the glass, the constituents left behind re- 
assemble themselves in a configuration very similar to that 
present in the original glass. 


C2. Use of Image-Converting Tubes in Infra-Red Spectro- 
scopy. D. DEJARDIN AND R. FALGON, Université de Lyon.— 
Various image-converting tubes have been combined with 
spectrographs in such a way that the visible image of an infra- 
red portion of a spectrum appears on a luminescent screen. 
Such images have been photographed on orthochromatic 
plates with the aid of a chamber provided with an objective 
of large aperture. Among the spectra thus examined in the 
near infra-red are those of argon, mercury, hydrogen, etc. 
We had the best results with a three-electrode tube similar 
to the Bildwandler of the A.E.G., operated with a total 
voltage of about 13,000. This detector is so sensitive that we 
were able to record, with exposures of 20 minutes or less, 
prismatic spectra extending as far out as 12,100A (mercury) 
and also grating spectra of rather high dispersion. In the latter 


case the resolving power is good enough to bring out clearly 
the detailed structure of the bands of the first positive system 
of nitrogen, particularly that of the band (0,0) toward 10,500A. 
The spectrograms are comparable in quality with photographs 
made directly on special plates. The photo-sensitive layer has 
to be sharply cooled when the instrument is used for the study 
of the light of the night sky, as we are using it now. 


C3. The Variability of Atomic Polarizabilities. FRANK 
Matosst, Naval Ordnance Laboratory.—In previous papers it 
has been proposed to consider the atomic polarizability a not 
as a constant but as dependent on the field strength or on the 
distance between neighboring atoms. Only then can the ob- 
served depolarization factors of symmetric Raman lines of 
diatomic molecules be accounted for. This idea is now applied 
to triatomic symmetric and unsymmetric linear molecules 
(OCO, SCS, OCS, NCS, NNO, NNN). The method used in- 
volves the knowledge of the force constants and is applicable 
to bond-stretching vibrations only. In all cases, it is possible 
to derive, from Raman effect and Rayleigh scattering data, 
reasonable values for the variation of the polarizability with 
the atomic distance. These values vary somewhat with the 
molecule from which they are derived, due possibly to the un- 
certainty of the force system. The values of da/dr are between 
0.6 and 2.5 107"* cm? for N, C, and O; for S, they are between 
3 and 8X 10~-* cm?. This is equivalent to a change of the atomic 
radius of not more than about 10 percent. 


C4. The Mass of S* from Microwave Spectroscopy.* W. S. 
Kosk1,** T. WENTINK, JR.,*** AND V. W. CoHEN, Brookhaven 
National Laboratory.—The J=1-+2 rotational transition for 
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OCS has been observed in molecules containing S* and S*. 
The OCS* frequency is 23457.403+.011 mc/sec. From the 
frequencies and the recently measured frequencies' of OCS* 
and OCS®, we have evaluated the isotopic mass difference 
ratios (m**—m™)/(m4—m™) and (m**—m**)/(m™—m™), the 
values being 1.50156+.00015 and 2.99882+.00030, respect- 
ively. From these and the masses of the stable isotopes the 
value of m** is calculated to be 34.97898+.00032, which com- 
pares favorably with the value 34.97907 +.00045 as computed 
from nuclear reaction data.* The C—O and C-—S bond dis- 
tances have also been calculated to be 1.1637 and 1.5582A, 
respectively. 

* Research carried out under contract with the U. S. AEC. 

** Now at Johns Hopkins University, Department of Chemistry. 

*** Now at Cornell University, Ithaca, New York. 


1S. Geschwind (unpublished). 
2 W. Low and C. H. ieoas (to be published in The Physical Review). 


C5. A Reduction in the Doppler Width of Microwave Ab- 
sorption Lines. GEORGE NEWELL AND R. H. DickeE, Princeton 
University.—Since the natural width for transitions at micro- 
wave frequencies is negligible, the resolution of micro- 
wave spectroscopy and the stability of frequency standards 
based on microwave absorption lines is limited ultimately by 
the Doppler breadth of the lines. This paper describes a method 
capable in principle of reducing that breadth indefinitely. 
Microwave radiation with wave-length \ traverses the ab- 
sorbing gas in the X direction as an approximately plane wave. 
A system of charged grids establishes a stark effect in the 
gas which is spacially periodic with a repeat distance of \/2 
along the x-axis and which oscillates in time with an audio- 
frequency v. The influence of the periodic stark effect is such 
that, with sufficiently weak fields, that component of the ab- 
sorption which is modulated with the frequency » is due en- 
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tirely to molecules having X components of velocity lying iv 
narrow ranges about the values +vA/2. The broad absorption 
line is therefore replaced by two narrow symmetrically placed 
responses. The method is being tested with the ammonia in- 
version lines in apparatus designed to give a tenfold improve- 
ment in line width. Preliminary results will be reported. 


C6. Microwave Spectra of Deutero-Ammonias. H. Lyons, 
M. Kess.er, L. J. RuEGER, AND R. G. NucKo.ts, National 
Bureau of Standards.—Measurements of the spectra of the 
deutero-ammonias previously reported' have been extended 
with an improved spectrograph. Approximately 100 lines of 
NH:;, NDHz2, and ND:H have been found in the region from 
3100 to 17,000 Mc and are part of a program to provide pre- 
cise reference standards to lower frequencies than previously 
available. A major group of lines tentatively assigned to ND; 
appears in the region of 5000 Mc in agreement with the calcu- 
lations and data of Manning and of Loubser, Klein, and 
Townes.? Additional lines are expected when higher concen- 
trations of NDH: and ND:;H are used. Separation of the ND, 
lines is being attempted so that analysis of the spectrum can 
be made. Many hyperfine lines have been resolved with spac- 
ings slightly different from NH; as expected. Line-width 
parameter measurements are under way. A representative list 
of the stronger lines in Mc follows: 3192; 3865; 4720; 5962; 
6461; 7561; 8284; 9007; 9518; 10,844; 11,400; 12,150; 12,778; 
13,210; 13,626; 13,923; 14,102, 14,566; 15,132; 15,772; 16,497. 
Helpful discussions with C. H. Townes are gratefully ac- 
knowledged. 

} Harold Lyons, Pays. pe. 76, 161 Nery: r ae Phys. 21, 59 (1950). 

2M. F. Manning, J. Phys. 3, 136 ( 4 H. N. Loubser and 


J. A. Klein, Bull. Phys. ‘ae "78, 348 (1950). c . Townes (private com- 
munication). 


FrmpAY MorRNING AT 10:30 
Kent 


(A. C. G. MitcHELL presiding) 


Beta-Emitters, Neutron Through Technetium 


D1. Measurement of K-Capture to Positron Ratios by 
Proportional Counter,* J. TowNsENpD,+ Washington Univer- 
sity.—Several investigations have used proportional counters 
to study the low energy range of beta-spectra; the present 
work deals with their use in determining K-capture to positron 
ratios, A source, suitably placed inside a proportional counter, 
which decays both by orbital-electron capture and by positron 
emission, will emit x-rays, Auger electrons, and positrons that 
are absorbed by the counter gas in such a manner that every 
disintegration is counted. The height of the resulting counter 
pulse is in each case directly proportional to the energy of the 
emitted radiation; the pulse-height distribution can therefore 
by analyzed to give the ratio of K-capture events to positron 
emissions. Gaseous sources are found to yield much better 
spectra than the thinnest obtainable solid sources, due pre- 
sumably to absorption and scattering of Auger electrons in 
the backing. For gaseous sources, a correction is to be expected 
to account for reduction in path length of positrons emitted 
by gas molecules near the counter wall; under certain condi- 
tions, however, this wall correction can be neglected. These 
conditions will be discussed and results will be presented for 
Zn®, 


* Assisted by the joint program of the ONR and the AEC. 
t AEC Predoctoral Fellow. 


D2. Beta-Spectrum of the Neutron. J. M. Rosson, Na- 
tional Research Council, Chalk River.—The beta spectrum of 
the neutron has been measured by a spectrometer method. A 
collimated beam from the Chalk River pile passes between 
two magnetic lens spectrometers arranged end to end. An 
electrostatic collecting system deflects the low energy protons 
from the neutrons decaying in the beam into the proton mag- 
netic lens spectrometer where they are focused onto the first 
electrode of an electron multiplier. Some of the beta-particles 
from the decaying neutrons enter the other magnetic lens 
spectrometer set up as a beta-spectrometer with a scintillation 
counter as detector. Coincidences are obtained between the 
scintillation counter and the electron multiplier when a delay 
*3 introduced in the scintillation counter channel to compen- 
sate for the transit time of the protons through the proton 
spectrometer. These coincidences disappear if a boron shutter 
is placed in the beam or if the proton spectrometer is de- 
focused. By obtaining the coincidence rate as a function of the 
focusing current in the beta-spectrometer, the beta-spectrum 
of the neutron has been obtained. The spectrum is of the 
allowed shape with an end point of 782+13 kev. 


D3. Air Absorption of P** Beta-Particles. R. K. CLARK 
AND S. S. Brar.—The spatial distribution of the energy ab- 
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sorbed from beta-emitters is of interest in biological experi- 
mentation and in calibration of survey equipment. Measure- 
ments in air from point sources yield information which is 
helpful in these connections. The ionization produced in air 
by a P® source has been studied as a function of the distance 
from the source. The measurements were made in a large 
room. The active material was dried on aluminum foil (about 
200 ywg/cm*) suspended by fine wires to minimize possible 
scattering by the mounting. The ionization was measured with 
cylindrical chambers of 1-liter and 10-liter volume, the walls 
of which were .0003” thick. The importance of a number of 
sources of error has been evaluated. These include the effect 
of the earth's magnetic field, chamber-wall symmetry, and the 
chamber-supporting stem. Comparison will be made between 
the experimental results and the ionization to be expected on 
the basis of the known P® spectrum and the stopping power 
of beta-particles. 


D4. 6-Spectrum of K*, L. FetpMan anp C. S. Wu.— 
Greuling’s' comparison of the theoretical half-life of K*° with 
the observed value, based on AJ=4 and Wo=3.6 mc’, has 
been extended and leads to the result that the four inter- 
actions which give compatible half-lives, 37, 34, 47, and 4V, 
also predict the same unique energy spectrum. This spectrum 
is determined by the correction factor C;=q*+7q'p?+7¢°p* 
+p*. The beta spectrum of K*® was measured in the solenoid 
spectrometer with a resolution of 9-10 percent using a KCl 
source approximately 2.5 mgm/cm? thick. The K* was en- 
riched to 7.13 percent at Oak Ridge under the supervision of 
C. P. Keim. The Kurie plot is curved concave towards the 
energy axis but yields a straight line down to about 500 kev 
when corrected by the C; factor. The end point is 1325420 
kev. Comparative studies with an inert KCI source contain- 
ing Y™ activity indicate that the deviation which sets in at 
500 kev is very probably due to source thickness. These re- 
sults are in essential agreement with those reported by other 
observers.* 

1 E. Greuling, Phys. Rev. 61, 568 (1942). 


* Bell, Weaver, and Cassidy, Phys. Rev. 77, 399 (1950); D. E. Alburger, 
Phys. Rev. 78, 629 (1950). 


DS. Electron Capture in K*. V. L. Sartor, J. J. Fioyp, 
AND L. B. Borst.—Characteristic Kg x-rays have been ob- 
served associated with electron capture in naturally radioactive 
potassium (K*). A Pontecorvo type high gain proportional 
counter, filled with a krypton-methane mixture, proved effi- 
cient in discriminating between the 2.9 kv x-rays and the nu- 
clear beta-particles. The ratio of disintegration constants for 
electron capture to beta emission ,/A8 is thought to be less 
than 20 percent, probably consistent with complete decay 
through an excited state and hence by gamma-ray emission to 
the ground state of A‘, 


D6. Branching Ratio in K*®. D. C. Hess, H. Brown, C. 
PATTERSON, AND M. G. INGHRAM, Argonne National Labora- 
tory and Institute for Nuclear Studies.—The ratio of beta- 
emission to K-capture in the decay of potassium 40 has been 
determined to be 7.94.3 by measurement of the relative 
abundance of argon 40 and calcium 40 in an old mineral. 
Known amounts of argon 36 and calcium 48 were added to 
different aliquots of 10-year-old Stassfurt sylvite. The argon 
was then removed from the sample by melting at 1050°C for 
one hour. The isotopic constitution was compared with that 
of the original tracer with a mass spectrometer. The calcium 
was extracted by a stage of fractional crystallization followed 
by two oxalate precipitations. Its isotopic spectrum was com- 
pared with the original tracer using a surface ionization source. 
The presence of argon 38 and calcium 44 in the naturally 
occurring elements permitted a measurement of the radio- 
genic purity of the products. Comparison of the branching 
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ratio thus measured with the counting value of Sawyer and 
Wiedenbeck' indicates that there was little loss of argon 40 
during geologic time. We wish to thank Professor W. W. 
Watson of Yale for supplying the A**. The Ca** was supplied 
by the Y-12 Plant at Oak Ridge under allocation from the 
Atomic Energy Commission. 


1G. A. Sawyer and M. L. Wiedenbeck, Phys. Rev. 79, 490 (1950). 


D7. The High Energy Beta-Spectrum of Sc‘. Frep T. 
PorTER AND C. SHARP Cook, Washington University.*—An 
investigation of the high energy negatron group of Sc** has 
been made with a 13-cm radius of curvature semi-circular 
magnetic spectrometer. Spectrometer sources were prepared 
from an Oak Ridge sample of Sc**. Two different chemical 
procedures for the purification of scandium were carried out 
with portions of the original sample. These, along with an 
unpurified portion, yielded three sources all of which resulted 
in identical spectral shapes. A high energy group of negatrons 
was found. The end point appears to be 1.20.1 Mev and the 
abundance of the higher energy group about 0.9 percent. Both 
these figures are lower than those reported by Peacock and 
Wilkinson.! The lower end point modifies the disintegration 
scheme! by reversing the order of the gamma-rays, the high 
energy beta-group still going to the first excited state of Ti**. 
Comparison of the areas of the internal conversion lines with 
those of the beta-spectra indicates internal conversion coeffi- 
cients of 1.36X10-* for the 0.89-Mev gamma-ray and of 
6.07 X 10-5 for the 1.12-Mev gamma-ray. 


* Assisted by the joint program of the ONR and the AEC. 
1 Peacock and Wilkinson, Phys. Rev. 74, 297 (1948). 


D8. Problems Related to Neutron-Rich Short-Lived Ar- 
senic Isotopes.* RoNALD A. BRIGHTSEN, KALMAN SHURE, 
CHARLIE FISHER,** AND CHARLES D. CorvYELL, Massachusetts 
Institute of Technology.—The neutron-rich arsenic isotopes 
40h As’? and 90m As"8 are well known.' Our separations from 
targets for the Br*'(n, a)As’® reaction confirm the 90m ac- 
tivity characterized in fission,** checking also the radiation 
characteristics, although others report a 65m period. Our 
studies of arsenic separated from other fission products by 
Winsberg’s volatilization method*» indicate however, promi- 
nent occurrence of an additional arsenic activity of about 40m 
period which probably has a germanium parent of ~2h 
period. Three isotones of As’* are known to display isomerism 
(Ge’, Br®*, Rb®). The 40m activity is probably another As”* 
produced in high yield in 8-decay and in low yield in the (m, a) 
reaction. An alternate possibility is that it is As’, although 
Butement‘ reports a 9m activity from Se*(y, p)As™. The 
arguments for assignment, genetics, and energetics will be 
elaborated. 

* Supported by the joint program of the ONR and the AEC, 

Research Fellow from the Commissariat a |!’ | ag Atomique (Paris) 
inte the M.I.T. Foreign Students’ Summer Projec’ 
Way, Fano, Scott, and Thew, Nuclear Daia (Nat. Bur. Stand. Circ. 


499, U. S. Printing Office, 1950). 
2E. P. Steinberg and D. W. 4; L. Winsberg, 
Company, Inc., 


Engelkemeir, ee oe, 
Paper 228, Nat. Nucl. En. Series (McGraw-Hill 
New York, 1950), Vol. 9, Div. IV. 

7A. H, Snell, Phys. Rev. 52, 1007 (1937); comes, Jenne. Miyamoto, 
and pw, Proc. Phys. Math. Soc. Japan 21, 660 (1939). 

«F. D, S. Butement, Nature 165, 149 (1950). 


D9. The Disintegrations of Br and Br®*.* L. M. LANGER, 
Indiana University, AND R. B. DuFF1ELD, University of Illi- 
nois.—The 32-minute activity of Br and the 2.4-hour ac- 
tivity of Br® were separated from the other fission products 
produced on irradiating uranyl nitrate, enriched in U5, in 
the thermal column of a nuclear reactor. The beta-spectra of 
both activities were studied in a magnetic lens spectrometer. 
Br™ emits a complex beta-spectrum which can be resolved 
into at least four groups with end points and relative intensi- 
ties of 4.679 Mev (40 percent), 3.56 Mev (9 percent), 2.53 
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Mev (16 percent), and 1.72 Mev (35 percent). The absence of 
beta-gamma coincidences above 3.6 Mev suggests that the 
4.7 Mev transition is directly to the ground state of Kr*. 
The spectrum of this group does not have the forbidden shape 
which one might expect from the predictions of the nuclear 
shell model and from the relatively high value of the com- 
parative half-life (log ft.=7.75). It is suggested that the 32- 
minute half-life may be that of a metastable level (Pav, gor2) 
feeding a very short lived (<5-sec.) ground state (ps2, pire) 
of Br*, The Br® transition yields a simple straight-line Fermi 
plot consistent with its being an allowed transition from the 
Ps2 ground state of Br® to the py2 ground state of Kr®, The 
end point is 0.940 Mev and log ft. =5.0. 
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D10. Radiations from Mo” and Tc”™. RoperT CANADA 
AND MERLE E. BunkKER, Indiana University.—The radiations 
from Mo** (67 hours) and its metastable daughter Tc" (6 
hours) have been measured in a magnetic lens spectrograph. 
The beta-ray spectrum consists of a group with an end-point 
energy of 1.23 Mev, one of 0.445 Mev, and possibly a third 
lower energy group. The relative intensities of the 1.23-Mev 
to 0.445-Mev groups are 4:1. Gamma-rays have been found 
at 0.040, 0.140, 0.181, 0.367, 0.741, and 0.780 Mev. The 
gamma-rays at 0.040, 0.140, and 0.181 are internally con- 
verted. The spectrum of Tc® consists of one internally con- 
verted gamma-ray at 0.140 Mev. A disintegration scheme is 


proposed. 
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Beta-Emitters, Ruthenium Through Gold 


El. Radioactivities of Ru and Rh™.* R. B. Durrietp, 
University of Illinois, AND L. M. LANGER, Indiana University. 
—A lens spectrometer and coincidence methods have been 
used to study the disintegration of Ru’ (4.5 hr.) and Rh’ 
(36.2 hr.). The beta-spectrum of Ru’ is simple, with an end 
point of 1.150+0.006 Mev. The beta is followed by a gamma- 
ray transition of 0.726 Mev to a previously unobserved meta- 
stable level in Rh’*, This isomer decays to the ground state 
of Rh! by emission of a converted gamma-ray of about 0.1 
Mev (absorption measurement) with a half-life of 45 seconds. 
The ground state of Rh! emits a simple beta-spectrum with 
an end point of 0.570+0.005 Mev. No gamma-ray appears to 
be associated with this decay. 


* Research done at the Los Alamos coe Laboratory of the Univer- 
sity of California under the auspices of the AEC. 


E2. Half-Life of the Long-Lived Tc”. A. H. JAFFrey, 
SHERMAN FRriep, N. F. HALL, AND L. E. GLENDENIN, Argonne 
National Laboratory.—The half-life of Tc®* has been deter- 
mined on materials isolated both from fission products and 
from neutron-irradiated molybdenum. The _beta-particle 
measurements were made on aliquots of solutions deposited 
on thin rubber-hydrochloride films. The concentrations of the 
solutions were determined by dissolving known weights 
(several milligrams) of known compounds—NH,TcQ, and Tc 
metal. The beta-counts were made absolute by comparison 
with Co® and RaDEF standards. The Co® sources were 
standardized by coincidence counting and by comparison 
with Bureau of Standards samples. The RaDEF sources had 
been standardized! by alpha-counting RaF. Owing to the 
large upswing of the absorption curves at small absorption, 
comparison with RaE required the use of a low absorption 
counter; variation of specific ionization with electron energy 
required the use of high gas density in the detector. Because 
of the great similarity in absorption curves, comparison of 
Tc®* and Co® was relatively simple. The result was a specific 
activity of 3.7810 d/m/microgram, or a half-life of 2.12 
X10* years, with an estimated error of +2 percent. 


1T. B. Novey, Rev. Sci. Inst. 21, 280 (1950). 


E3. A Lower Limit on the Half-Life of Sn. J. S Lawson, 
Jr., University of Illinois —The double beta-decay of Sn™ 
has been investigated in a cloud chamber, with an isotopically 
enriched sample pereent (83 Sn™) weighing 0.268 g, obtained 


from Oak Ridge. A sensitive time of 0.47 second per picture 
was used, in taking 8794 pictures which were then searched 
twice for possible events. Thirty-nine such events were found 
and examined by stereoscopic reprojection. All these two track 
events were found to have one or more of the following faults: 
(1) different track origins, (2) two apparent tracks due to one 
electron circling through foil twice, (3) two tracks due to split- 
ting of one by sweep field, and (4) tracks of different ages. 
The 10 best-looking of these “possible events” were critically 
examined for further confirmation of their not being the event 
sought. It was found that in all cases the two electrons had 
very nearly the same direction, and that the total kinetic 
energy was about 500 kev. Thus, no events were seen of the 
type reported by Fireman.' As conservative estimates of the 
useable solid angle in the chamber predict a yield of at least 
5 events for a half-life of 10'* years, and none were seen; the 
half-life is probably greater than this. 

1E. L. Fireman, Phys. Rev. 75, 323 (1949). 


E4. New Antimony Isotopes in Fission.* ALexis C. 
Pappas,t Massachusetts Institute of Technology.—Previous 
work’! on antimony activities in fission disclosed the occurrence 
of ~5-min, Sb™ and that Sb™ and Sb™ both have <10-min. 
half-lives. Attention has been turned to this element in con- 
nection with further studies? of fission-yield perturbations re- 
sulting from closed-shell effects.? After short irradiation of 
UO, with thermal neutrons and fast chemical separation of 
antimony by solvent extraction (SbCl;+Cl, into isopropyl 
ether; SbCl;+N:H, into HXO—NaNCS, ether wash), the 
activity of the solution was observed. Four species were 
identified of ~50 sec., 2.0-min., 4.4-min., and 23.1-min. half- 
lives. In separate experiments, fission mixtures were rapidly 
freed of tellurium, and successive tellurium separations made 
for genetic identification. Activity-time curves of 30-min. 
Te™™—8.0-day I™ showed the occurrence of 23-min. Sb™, 
Curves of 66-min. Te™—22-hr. I showed 4.4-min. Sb. 
Energetic considerations lead to probable identifications as 
Sb’ for the 2.0-min. activity and Sb’"* for ~S5S0-sec. 
activity. 

‘ : 

t Felipe ot ae "Royal Norwegian ‘Council for ‘Serentiic aa Industrial 
Research from the University of 

1 P. H. Abelson, Phys. Rev. 56. i939). 

a C. Pappas and C. D. Coryell, abstract ES. 


E. Glendenin and c D. Coryell, Phys. Rev. 75, 337 (1949); Phys. 
Rew 97, 755 (1950). 
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ES. Excited States of Prometheum'’’ Appearing in the 
Disintegration of Neodymium. W. S. EMMERICH AND J. D. 
Kursatov, Ohio State University—Energy levels in Pm'*? 
following the beta-disintegration of Nd‘? have been studied. 
Commercially supplied, spectroscopically pure neodymium 
was activated by neutrons at the Oak Ridge National Labora- 
tory of the AEC. The aged, activated neodymium was in- 
vestigated with a permanent magnet spectrograph for internal 
conversion electrons. The observed groups of monoenergetic 
electrons were found to have energies of 46.0+0.2, 84.5+0.3, 
and 89.9+0.5 kev. The decrease in intensity of these lines 
corresponds to a decay period of ~11 days. Applying the bind- 
ing energies for K, L, and M electrons of prometheum gave 
the energy of the photon as 91.5+1.0 kev. The Ni/N; was 
found to be 2.5. Including the previously reported upper 
energies of the complex beta-disintegration of Nd'*? and the 
emitted photons,'~* a scheme of disintegration will be proposed. 

1G. T. Seaborg and I. Perlman, Rev. Mod. Phys. 20, a (1948). 


? Cork, Shreffler, and Fowler, Phys. Rev. 74, 240 (19 
#C. E. Mandeville and E. Shapiro, Phys. Rev. 79, 301 (1950). 


E6. The Decay of Yb'*.* A. W. SuNyAR AND J. W. MIHE- 
Lich, Brookhavzn National Laboratory.—It has been reported! 
that following K-capture in Yb'®* (33-day), a converted 
gamma-ray of 400 kev is emitted, leading to an isomeric state 
of 1 ysec. lifetime, which decays to the ground state by emis- 
sion of an internally converted gamma-ray of 190 kev. Recent 
work? has revealed the presence of several gamma-rays. We 
have investigated the decay scheme by scintillation counter 
coincidence techniques. Approximate K/L ratios for the con- 
version lines obtained with a 180° permanent magnet-type 
spectrograph are of aid in assigning a level scheme. Only K 
and L x-rays of Tm and no gamma-rays precede the isomeric 
state. The lifetime of the isomeric state is 6.0X10~? sec., in 
agreement with an independent measurement by Fuller.? The 
isomeric state is probably 307 kev above the ground state and 
decays by three alternative means: (1) the 307-kev ground 
state transition, (2) a 177-kev gamma-ray followed by a 130- 
kev gamma-ray, (3) a 198-kev gamma-ray followed by a 109. 
kev gamma-ray. 

* Work performed at Brookhaven National Laboratory, under the 
auspices of the AEC. 

1S. De Benedetti and F. K. McGowan, Phys. Rev. 74, 736 (1948). 


? Cork, Keller, Rutledge, and Stoddard, Phys. Rev. 78, 95 (1950). 
+E. W. Fuller, Proc. Phys. Soc. London 63A, 1044 (1950). 


E7. Radioactivity of Ta’.* W. L. BENDEL,} HuGH Brown, 
AND Rosert A. BECKER, University of Illinois.—Eight-hour 
Ta'®* in thin foil samples was obtained by the probe method! 
in the 22-Mev betatron through a gamma-m process. Use of a 
180° spectrometer showed the presence of a strong beta- 
minus component with end point near 600 kev, with some 
evidence for another with end point near 700 kev. Auger lines, 
intense x-rays, and critical absorption techniques confirm the 
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K-capture process reported by Oldenberg.? Positrons were 
sought, and found to be absent. Coincidence techniques reveal 
gamma-gamma, gamma-beta, and electron-gamma_ coinci- 
dences. In addition to these are found prominent Z and M 
conversion lines and a weaker K line, all attributed to a strong 
92-kev transition. Also, a weak line was found, which was 
attributed to the conversion of a 103-kev gamma-ray. A 
tentative partial decay scheme will be presented. Detailed 
measurements yield a half-life of 8.15 hours for this activity. 


* Assisted by the joint program of ONR and AEC. 

+ AEC Predoctoral Fellow. 

1 Becker, Kirn, and Buck, Phys. Pe Ray 1406 (1949). 
20. Oldenberg, Phys. Rev. 53, 35 (1938). 


E8. Disintegration Scheme of Re. Franz R. METZGER 
anpD R. D. Hitt, University of Illinois.*—The radiation 
emitted in the decay of Re'** has been investigated using scin- 
tillation counters and 8-ray spectrographs. Appreciable num- 
bers of B—y, X—y and X—X coincidences were observed, 
but no y—vy coincidences! could be detected. The main fea- 
tures of our disintegration scheme are the following. In 90 
percent of the disintegrations, Re'®* decays by 8--emission 
into Os!**, and in the remaining 10 percent by K-capture into 
W'8*, A 25-percent partial 6--spectrum of 930-kev end point 
is followed by a 137-kev y-ray. A 3-percent branch of K- 
capture is succeeded by a 123-kev y-ray. All the other dis- 
integrations observed lead directly to the ground states of the 
product nuclei. From a search for y— + coincidences, we con- 
clude that there is less than one positron for every 10* Re'*¢ 
disintegrations. For the 137-kev y-ray we measured ax =0.35 
+0.1 and Nx/N,=0.6+0.1. The corresponding values for 
the much weaker 123-kev y-ray are ~0.45 and ~0.6. Based 
on these conversion data we interpret both y-rays as electric 
quadrupole transitions. 


* Supported in part by the joint program of the ONR and AEC. 
1 Beach, Peacock, and Wilkinson, Phys. Rev. 76, 1585 (1949). 


E9. Beta-Spectrum and Internal Conversion for Au’ and 
Cb*®. C. Y. Fan University of Chicago——The B-spectra of 
2.7-day Au! and of 35-day Cb® have been studied with the 
double lens 8-spectrometer of this laboratory.' For Au’, the 
B-spectrum is allowed with end point at 0.961 Mev. The 
gamma-ray has energy Ey=0.411 Mev and internal conver- 
sion coefficients ax =2.9 percent, a+ =1.2 percent. These 
values are in accord with those obtained by Siegbahn and 
Hedgram* and by Saxon and Heller.* In the case of Cb, the 
B-spectrum was also allowed with end point at 0.163 Mev. 
The gamma-ray having energy Ey=0.771 Mev showed a 
total internal conversion ax+z+m=0.18 percent. The L con- 
version line was not resolved, but the ratio ax/az=2.3 could 
be estimated. 


1H. M. Agnew and H. L. Anderson, Rev. Sci. Inst. ted 869 (1949). 
2K. Siegbahn and A. Hedgran, Phys. Rev. 75, 318 (1949). 
3D. Saxon and R. Heller, Phys. Rev. 75, 909 (1949). 
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Invited Paper 
Fl. Regularities in the Ultraviolet Spectra of Large Molecules. J. R. PLatt, University of 


Chicago (30 min.) 


Molecular Spectra 
F2. Raman and Infra-Red Spectra of CHBrCl, and 


CDBrCl,. Santiaco R. Poto, Forrest F. CLEVELAND, 
RicHArD B. BERNSTEIN, ARNOLD G. MEISTER, AND ROBERT 


H. SHERMAN, Illinois Institute of Technology—Raman dis- 
placements (Av), quantitative depolarization factors, semi- 
quantitative relative intensities (I), and infra-red wave 
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numbers (v) have been obtained for CHBrCl, and CDBrCh; 
in the liquid state. The CDBrClz sample contained about 60 
percent of CHBrCle. The infra-red spectra were obtained 
with a Perkin-Elmer 12C spectrometer equipped with NaCl 
optics, and the region scanned was 700-4000 cm™. For 
CHBrCle, Av and J values have been reported by Bonino and 
Brill, Kohlrausch and Képpl, and Glockler and Leader ; and 
their data are in substantial agreement with the present re- 
sults. However, no depolarization or infra-red data for 
CHBrCl, and no Raman or infra-red data at all for CDBrCl; 
could be found in the literature. The present Av values in cm™ 
for the fundamental frequencies of the two compounds are: 


CHBrCl, 220, 220, 329, 602, 719, 761, 1171, 1214, 3022; 
CDBrCl; 220, 220, 329, 580, 700, 735, 872, 904, 2253. 


The 220 cm™ line corresponds to two unresolved fundamentals. 
The present v and Ay values are in very close agreement. The 
depolarization factors were obtained by the well-tested single- 
exposure method previously used in this laboratory. Infra-red 
work with KBr optics, calculation of thermodynamic proper- 
ties, and normal coordinate treatments for the two molecules 
are in progress. 


F3. Raman and Infra-Red Spectra of CHCIBr, and 
CDCIBr,. DonaLp A. PoNTARELLI, Forrest F, CLEVELAND, 
RicuarD B. BERNSTEIN, ARNOLD G. MEISTER, AND ROBERT 
H. SHERMAN, Illinois Institute of Technology.—Raman dis- 
placements (Av), semi-quantitative relative intensities (I), 
and quantitative depolarization factors for the liquid, and 
infra-red wave numbers (v) for both liquid and gas have been 
obtained for CHCIBr: and CDCIBrz. The CDCIBrz sample 
contained about 40 percent CHCIBre. Both Beckman IR-2 
(KBr optics) and Perkin-Elmer 12C (NaCl optics) spec- 
trometers were used and the region scanned was 400-4000 
cm~!, For CHCIBr2, dy and I values have been reported by 
Glockler and Leader; and their values are in good agreement 
with the present results, except for the 1190- and 3020-cm™ 
lines, for which the present values are, respectively, 4 and 3 
cm less than their's. Also, » values have been reported by 
Emschwiller and Lecomte; but their results are not in very 
good agreement with the present data. No depolarization 
factors for CHCIBrz and no Raman or infra-red data at all 
for CDCIBrz were found in the literature. The present Av 
values in cm™ for the fundamental frequencies of the two 
compounds are: 


CHCIBrz 168, 201, 279, 569, 659, 750, 1146, 1190, 3020; 
CDCIBrz 168, 201, 279, 545, 635, 725, 853, 888, 2252. 


The present » and Ay values are in excellent agreement. Normal 
coordinate treatments and calculation of thermodynamic 
properties for the two molecules are in progress. 


F4. Raman Spectral Data for CBrCIH;. ALFons WEBER, 
Forrest F, CLEVELAND, AND ARNOLD G. Mester, Illinois 
Institute of Technology—Raman displacements (Av), quanti- 
tative depolarization factors (p), and semiquantitative rela- 
tive intensities (I) have been obtained for liquid CBrClHe. 
Results of previous Raman investigations by Bacher and 
Wagner, Wagner, and Delwaulle and Francois are in substan- 
tial agreement with the present results. The infra-red results 
of Emschwiller and Lecomte and of Plyler also are in very 
good agreement with the present and previous Raman‘data. 
The present depolarization factors were measured by the well- 
tested single-exposure method used in this laboratory and 
substantiate the values of Wagner and of Delwaulle and 
Francois. A new Raman line at 460 cm™ has been found; it is 
probably the first overtone of the 228 cm~' fundamental. The 
present Av(I)p values for the fundamentals are: 228(68)0.41; 
603(100)0.16; 729(5)0.54; 854(very weak); 1128(1)0.85; 
1227(1)0.32; 1407(5)0.66; 2989(44)0.23; 3056(4)0.84. A nor- 
mal coordinate treatment and calculation of the thermo- 
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dynamic functions are in progress. Neither force constants 
nor experimental or calculated thermodynamic functions are 
available in the literature. 


FS. Raman and Infra-Red Spectral Data and Calculated 
Thermodynamic Properties for CH,I. Paut F, FENLOon, 
Armour Research Foundation, Forrest F. CLEVELAND, AND 
ARNOLD G. Mester, /iinois Institute of Technology.—Raman 
displacements, semiquantitative relative intensities, and quan- 
titative depolarization factors have been obtained for all of 
the fundamental frequencies of CH,l in the liquid state. The 
depolarization factors were determined with the well-tested 
single-exposure method previously used in this laboratory. The 
infra-red wave numbers for both liquid and gaseous CHsl 
in the region 400-4000 cm~ also have been determined, with 
both Beckman IR-2 (KBr optics) and Perkin-Elmer 12C 
(NaCl optics) spectrometers. Present values for the spectral 
data were compared with the results of previous investigators 
in order to decide upon the most probable values of the funda- 
mental frequencies. The fundamental frequencies so obtained 
were then used to calculate the thermodynamic properties— 
heat content, free energy, entropy, and heat capacity—for 
eleven temperatures from 200° to 1000°K, to a rigid rotator, 
harmonic oscillator approximation, Force constants are being 
determined by the Wilson FG matrix method; and the con- 
stants thus obtained will be tested by calculation of fre- 
quencies for CD;I, four of which are known.' 

Ch. Courtoy, Ann. soc. sci. Bruxelles 60, 122 (1946). 


F6. Force Constants and Calculated Thermodynamic Prop- 
erties for Some Trifluoromethanes. CHARLOTTE E. DECKER, 
ArNo_p G. MEISTER, AND Forrest F. CLEVELAND, Jilinois 
Institute of Technology.—Force constants have been deter- 
mined for the CF, and CF;H molecules, by the Wilson FG 
matrix method and a potential energy function containing 
all possible second-degree terms. These force constants were 
then used to predict the fundamental frequenvies of CF;D, 
for which no experimental values could be found in the litera- 
ture. The frequencies so obtained should be reliable to within 
2 percent of the calculated values. The F matrix elements 
have been obtained for the type E fundamental vibrations of 
CF;Cl and the determination of the F matrix elements for 
the type A, vibrations is in progress. The available Raman 
and infra-red data for CF,, CF;H, and CF;C1 were collected 
and critically examined, in comparison with the results of the 
normal coordinate treatments, in order to decide upon the 
best values for the fundamental frequencies. These frequencies 
were then used to calculate the heat content, free energy, 
entropy, and heat capacity for the three compounds fur the 
ideal gaseous state at one atmosphere pressure for tempera- 
tures ranging from 50 degrees below the boiling point to 
1000°K. Similar calculations also are being made for CF;D in 
order that fairly good tentative values of the thermodynamic 
properties might be available for this molecule, pending the 
experimental determination of its fundamental vibrational 
frequencies. 


F7. Infra-Red Spectra and Calculated Thermodynamic 
Properties for Some Trichloromethanes. Joun R. MADIGAN 
AND Forrest F. CLEVELAND, Iilinois Institute of Technology.— 
Continuing previous work on the trichloromethanes, wave 
numbers and estimated relative intensities of the infra-red 
absorption bands of CCl,H, CCl, and CCI,Br have been ob- 
tained with a Beckman IR-2 spectrophotometer (KBr optics). 
For CCl;H and CCl, bands were found in the regions 660- 
3100 and 700-1300 cm™', respectively, for both liquid and 
vapor. Previous data for the gas were obtained in only one 
investigation for each of the two molecules, and then only 3 
bands were obtained for CCI;H and 1 for CCl,; we obtained 
5 bands for each. For CCI,;Br, bands were found in the region 
400-1600 cm~! for the liquid only. With gaseous frequencies 
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used whenever possible, heat content, free energy, entropy, 
and heat capacity values were calculated for the ideal gaseous 
state at 1 atmos. pressure for nine temperatures from 298.16° 
to 1000°K, to a rigid rotator, harmonic oscillator approxima- 
tion. Previous calculations of some of these had been made 
for CCl;H and CCl, by Vold, by Yost, and by Lord and 
Blanchard; but, since they used more liquid frequencies and 
older values of the bond distances and angles, their values are 
all slightly larger than the present values. The present calcu- 
lated entropies are in good agreement with the: few experi- 
mental values. 


F8. Frequency Assignment, Force Constants, and Calcu- 
lated Thermodynamic Properties for 1,1,1-Trichloroethane. 
M. Zaxt E_-SaBBAN, ARNOLD G. MEISTER, AND Forrest F. 
CLEVELAND, Illinois Institute of Technology.—A normal co- 
ordinate treatment for HsC—CCl; was carried out by the 
Nilson FG matrix method and a reasonable set of force con- 
stants was obtained. The calculations indicated that one of 
the doubly degenerate vibrations should correspond to the 
wave number 363 cm™, which was not observed in the present 
investigation and has been regarded as doubtful by previous 
investigators. The calculations also indicated that the wave 
number corresponding to the carbon-carbon stretching vibra- 
tion is 1035 cm. The values finally adopted for the A; and 
E fundamentals are: A;—343, 522, 1035, 1378, 2939; E—241, 
363, 716, 1077, 1434, and 3005 cm~. These were used to calcu- 
late the heat content, free energy, entropy, and heat capacity 
for the ideal gaseous state at one atmosphere pressure for nine 
temperatures from 298.16° to 1000°K. Comparison with the 


G1. High Poiymer Model Including Van der Waals Forces. 
EuGeNE Gut, University of Notre Dame, AND HuBert M. 
James, Purdue University.—In the elementary statistical 
theory of rubber, considered as a network of flexible molecular 
chains, forces between the molecules are neglected, except as 
they control the volume of the system. Actually, these forces 
tend to align neighboring molecules, producing partial crystal- 
lization at low temperatures. We have studied a model in 
which the molecular chains are treated as consisting of links 
which exert on all neighboring links (of the same or of different 
chains) on orienting force derived from a potential A cos*é@, 
6 being the angle between the axes of the two links. With A 
negative, neighboring links then.tend to become parallel or 
antiparallel. The effect of these orienting forces has been dis- 
cussed in the Bragg-Williams approximation. They produce a 
first-order transition, a rotational freezing, at a temperature 
which is higher the higher the degree of cure and the more the 
material is stretched. The sharp transition predicted by this 
theory, in contrast to the observed behavior of freezing 
rubber, is due to the uniformity of conditions in the material 
implied by use of the Bragg-Williams approximation. This 
type of model may, however, be useful in discussing the effect 
of van der Waals forces above the freezing point. 


G2. Statistical Theory of Large Deformations of Rubber- 
like Materials.* Minc CHEN (WANG) Yu AND EUGENE GUTH, 
University of Notre Dame.—In the elementary statistical theory 
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experimental values of the entropy given by Rubin, Levedahl, 
and Yost! indicated that a reasonable value for the torsional 
frequency is 207+19 cm™. 


1T. R. Rubin, B. H. Levedahl, and D. M, Yost, J. Am. Chem. Soc. 66 
279 (1944). 


F9. Vibrational Spectra and Assignments for Dimethyl- 
diacetylene. SaLvapoR M. FERIGLE, Forrest F. CLEVELAND, 
AND ARNOLD G. Mester, Illinois Institute of Technology.— 
Previous work on the H—C =C—C#=C—H (DA) and H;C—C 
=C—C=C—CH; (DMDA) molecules indicated a smaller 
value for the force constant of the central C—C bond than 
would be expected from the bond length determined by elec- 
tron diffraction. Also, difficulty was experienced in obtaining 
a satisfactory set of force constants for the doubly degenerate 
vibrations. In an attempt to clear up these difficulties, we 
have obtained new Raman and infra-red data for DMDA in 
both CCl, and benzene solutions. Depolarization factors were 
obtained by the new well-tested single-exposure method, the 
most significant result being the value 0.84 obtained for the 
475-cm™ line, previously assigned as a polarized A; funda- 
mental. Consequently, the assignment of this line must be 
changed. The assignment of the 644-cm™ band of DA also 
seems questionable, for comparison with the data of a number 
of molecules containing the -C=C—H group indicates that 
it should have been assigned as a bending mode. The low value 
previously indicated for the C—C force constant is thus no 
longer certain. Some of the assignments have now been 
changed and a normal coordinate treatment is in progress to 
see if satisfactory force constants can be obtained. 


of rubber elasticity, the material is assumed to consist of a net- 
work of molecular chains, for each of which the configuration 
function (number of possible configurations as a function of the 
separation of its ends) is of Gaussian form. For a pure ho- 
mogeneous deformation of a unit cube into a cuboid with 
edges L,, Ly, Lz, the theory yields an elastic energy propor- 
tional to the sum of the squares of the relative lengths Z,, Ly, 
L,, to the absolute temperature, and to a factor depending on 
distribution functions characterizing the unstretched network. 
If the configuration functions for the molecules are not Gaussian, 
the elastic energy can be expanded in powers of the three in- 
variants of Lz, Ly, Lz, with coefficients depending on the dis- 
tribution functions that characterize the unstretched network. 
These distribution functions imply relations between the co- 
efficients in the expansion of the elastic energy. A linear func- 
tion of two, and a polynomial in all three invariants with arbi- 
trary coefficients have been proposed by Mooney and Rivlin, 
respectively, on a phenomenological basis. The relation of this 
phenomenological theory to the statistical theory will be dis- 
cussed and comparisons with experiment will be made. 


* Supported in part by ONR. 


G3. Visco-Elasticity of Rubber. R. B. Biizarp,* Massa- 
chusetts Institute of Technology.—A theory has been developed 
for the elastic behavior of rubber in the frequency range above 
that at which creep is important and below that at which it 
behaves like a hard solid. The rubber chains are treated as 
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springs in a viscous medium, and a general expression is ob- 
tained for the contribution to modulus of a single section of 
chain as a function of its length and terminations. A sta- 
tistical estimate is made of the number of chain segments hav- 
ing given length and terminations. A modulus function is 
found for the group of chains with each kind of termination 
and these are added in the proper amounts to give the form 
of the modulus vs. frequency curve for any amount of cross- 
linking. Measurements of shear modulus were made at fre- 
quencies between 0.012 and 750 cycles/sec. Agreement is 
good if a pure viscosity is added to the theory. Kirkwood’s 
theory agrees about as well. Although the two theories are 
fundamentally different, they give nearly the same result in 
the range for which there are good data. Measurements on a 
series of samples made from the same monomer with varying 
polymerization and cross-linking should eliminate at least one 
theory. Both theories predict that at low frequencies the im- 
aginary part of the modulus is proportional to frequency. 
Experiment indicates that it approaches a nearly constant 
value, thus setting a lower frequency limit on the validity of 
the theories. 


* Now at Sperry Gyroscope Company, Great Neck, New York. 
1J. Chem. Phys. 14, 51-56 (1946). 


G4. A Study of Crystallite Sizes in Polymers by a Light 
Scattering Method.* F. Buecne anp P. Desye, Cornell 
University.—A tractable relation for the angular scattering of 
light by cylindrical inhomogeneities of any size has been found. 
This relation has been applied to the angular light scattering 
curves observed for several polymers during various stages 
of crystallization. The results so obtained indicate that the 
polymers contain crystallites, or aggregates thereof, which are 
of the order of thousands of angstroms large. Modified quench- 
ing experiments have been performed. These together with 
observed changes in crystallite size as the polymer is heated 
indicate that small crystallites are stable only at low tempera- 
tures. Measurements of the size of crystallites in a crystallizing 
supercooled polymer have also been made. Near the melting 
point it is found that after an induction period the number of 
crystallites increases in the manner reported by others. How- 
ever, the average size of the crystallites remains constant 
within experimental error. This indicates that the crystallites 
do not grow indefinitely and that their rate of growth at these 
temperatures is far larger than the rate of crystal nucleation. 

*The work reported in this paper was done in connection with the 


Government Research Program on Synthetic Rubber under contract with 
the Office of Rubber Reserve, Reconstruction Finance Corporation. 


GS. Stress-Temperature Studies of the Second-Order 
Transition in Rubbers.* R. S. Witte anv R. L. ANTHONY, 
University of Notre Dame.—The apparent second-order transi- 
tion occurring in rubbers was studied by observing the de- 
pendence of stress upon temperature and time in samples held 
at various constant extended lengths. The rubber stocks 
studied were a natural rubber gum stock, a butyl gum stock, 
a GR-S loaded stock, and a Hycar OS-10 loaded stock. All 
samples were stretched to the desired extended length at room 
temperature and permitted to relax until only a negligible 
time rate of stress relaxation remained. The temperature was 
then lowered and the stress observed as a function of tempera- 
ture and time. Rapid stress relaxation was observed slightly 
below the transition temperature, 7m; but no stress relaxation 
was observed at temperatures a few degrees above 7m nor 
well below 7m. For both the butyl and Hycar OS-10 stocks 
Tm was observed to depend strongly upon extension, higher 
extensions resulting in lower values of Tm. No such depend- 
ence upon extension was observed for three different exten- 
sions of the natural rubber stock. The interpretation of the 
results will be discussed. 


* Supported in part by ONR. 
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G6. Study of High Polymers by Nuclear Magnetic Induc- 
tion.* B. A. Mrowca anv L. V. Hotrovp, University of 
Notre Dame.—Quantitative data on nuclear magnetic reson- 
ance line widths have been obtained for several high polymers. 
The line widths were measured at room temperature in a field 
of approximately 7000 gauss at a frequency in the neighbor- 
hood of 30 Mc. The narrowness of the line width obtained for 
unvulcanized natural rubber and GR-S shows that “‘free’’ ro- 
tation of molecules containing proton groups in these materials 
is comparable to that of protons in water. Vulcanization or 
carbon black loading produced a broadening of the observed 
line widths, indicating that either process tends to impede 
“free” rotation. The line widths for several polymers were ob- 
served as a function of temperature. The temperature range 
was chosen to include the “second-order transition region.” 
As expected, the line widths were found to increase with de- 
creasing temperature through this region. 


* Supported in part by ONR. 


G7. Velocity and Attenuation of Sound in Plexiglas.* 
J. Garrney AND A. A. Petrauskas, University of Notre 
Dame.—Using an improved pulsed ultrasonic technique the 
velocity and attenuation of sound in polymethyl methacry- 
late (Plexiglas) were measured as functions of temperature at 
frequencies of one and two megacycles. The temperature 
range investigated extended from 20°C to 95°C. Preliminary 
results indicate that with the present equipment velocities 
can be measured to a precision of about 0.03 percent. It was 
found that the velocity in Plexiglas decreases gradually at 
first with increasing temperature, and then more rapidly at 
higher temperatures. The attenuation increases with increas- 
ing temperature. In the frequency and temperature range in- 
vestigated no definite evidence in support of a second-order 
transition in Plexiglas was found either in the velocity or in 
the attenuation measurements. 


* Supported in part by ONR. 


G8. Visco-Elastic and Flow Properties of Polyisobutylene.* 
HERBERT LEADERMAN AND R. G, Situ, National Bureau of 
Standards.—The retarded-elastic shear compliance ¥(t)/G and 
the flow behavior have been measured for low molecular weight 
isobutylene_polymers (M,=6.5X10* to 7.0X10*) and a co- 
polymer (M,,=1960). For each material, the viscosity 7 and 
the time-scale for retarded elastic behavior vary in the same 
way with temperature; thus, for a given material the retarded 
elastic behavior at different temperatures can be represented 
by a single curve if ¥(t)/G is plotted against log(t/n). This 
curve varies slightly with molecular weight ; ¥(¢) can be repre- 
sented by a function of the type 

1—exp[— (¢/r)™], 
where m is about 0.5. For polyisobutylene, logy varies linearly 
with 1/7*. The non-Newtonian flow can be expressed in terms 
of an “internal shear modulus” G; following Ferry ;' G; is not 
very temperature-dependent. G; and G are of the same order 
of magnitude and decrease with increase in molecular weight. 


* Supported by ONR and Office of The Quartermaster General. 
1J. D. Ferry, J. Am. Chem, Soc. 64, 1334 (1942). 


G9. Relation of Tensile Strength to Brittle Point in Plas- 
ticized Polymers. R. F. Boyer, The Dow Chemical Company. 
—Several current theories concerning the efficiency of plasti- 
cizer action predict a brittle point lowering proportional to 
the ratio w,/M,, where w, is the weight fraction of plasticizer 
of molecular weight M;. The constant of proportionality is 
presumably a property of the base plastic. The tensile strength 
also decreases linearly with the same ratio, and again the pro- 
portionality constant should depend only on the base polymer. 
Hence, one would expect a linear relation between tensile 
strength and brittle point which should be relatively inde- 
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shifted quite markedly along the brittle point scale. This 
behavior suggests in a different way the probable importance 
of plasticizer diffusion rate in brittle point lowering. 


pendent of molecular weight and plasticizer type. Actual data 
on plasticized polyvinyl chloride confirms roughly this linear 
relationship. However, the lines for different plasticizers are 
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Nuclear Analyzers and Accelerators: Nuclear Magnetic Resonance 





Il. The Design and Construction of a Spherical Electro- 
static Analyzer.* D. S. Craic, C. P. BRowne, anv R. M. 
WILLIAMSON, University of Wisconsin.—A spherical electro- 
static analyzer has been constructed for use with the Wis- 
consin cylindrical analyzer' for accurate measurements of Q 
values. The focusing properties of such an instrument have 
been described by Purcell.? This instrument permits the use 
of a large solid angle, approximately 4.4 10-* steradian for 
a target 1 mm in diameter, while at the same time having a 
high resolving power. The calculated resolution is 1000 for 
i-mm object and image apertures. The plates, constructed of 
meehanite cast iron, are only a portion of an entire sphere, 
being 90° of the sphere along the path of the particles and 
having a 60° aperture. The mean radius of the plates is 45.95 
cm—the gap 0.48 cm. The analyzer has been designed to fit 
over the cylindrical analyzer and to accept particles at an 
angle of 135° from the bombarding beam. The voltage between 
the plates required to focus a singly charged particle of energy 
E is E/47.86 volts. 

_ * Work supported by the AEC and Wisconsin Alumni Research Founda- 
"Seine, Powell, and Herb, Rev. Sci. Inst. 18, 559 (1946). 
2E. M. Purcell, Phys. Rev. 54, 818 (1938). 


I2. Measurements and Resolution Tests of a Spherical 
Electrostatic Analyzer.* C. P. Browne, D. S. Craic, R. M. 
WILLIAMSON, AND D. J. DonAnUE, University of Wisconsin.— 
Dimensional measurements and operational tests have been 
made on the spherical analyzer described in the preceding 
paper. The figure of the plates has been determined and the 
spherical gap mapped. The assembled analyzer has been tested 
for alignment, focus, and resolution using elastically scattered 
protons of 0.5- to 1-Mev energy. Monoergic protons scattered 
from thin targets are focused by the analyzer. A plot of the 


number of particles entering the detector vs. the voltage 
across the spherical gap gives the resolution. A shutter allows 
small sectors of the total gap to be tested individually. A 
sharp focus is obtained and all sectors focus particles of the 
same energy for a given gap voltage. Preliminary results in- 
dicate a resolution of 500 with 1-mm object and image 
apertures. 


* Work supported by the AEC and Wisconsin Alumni Research Founda- 
tion. 


I3. Energy and Phase Distributions of Emitted Electrons 
for a Linear Accelerator Constructed of Constant Wave Speed 
Sections. JAMES SWIHART AND EDWARD AKELEY, Purdue 
University.—The new proposed Purdue accelerator is to be 
made in three sections with 8=0.7, 0.96, and 1.0. Curves 
giving energy and phase as functions of initial phase and dis- 
tance along the guide for constant initial energy of 50 kev 
had been computed* for the first two sections. The case of 
8=1.0, where the solution is expressable in terms of elementary 
functions for particles moving on the axis, has now been con- 
sidered. The curves, which had already been computed* for 
the first two sections, have now been extended through the 
third section, making it possible to obtain the final phase and 
energy distribution in the accelerator in term of the distribu- 
tion of the entering electrons. The energy distribution, at the 
end of two meters of the third section for a uniform initial 
phase distribution, shows 33 percent of the particles from 
3.08 Mev to 7.13 Mev, and 18 percent from 7.03 Mev to 7.13 
Mev; 7.13 Mev was the maximum energy at this point in the 
tube. Graphs will be shown of the energy-distance, phase- 
distance, and energy and phase distribution curves. 


* The axial motion of an electron in a constant wave velocity section of 
a linear accelerator. David Caplan and Edward Akeley, Paper D3, Mexico 
City meeting. 
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14. Electron Loading in Ion Accelerating Tubes. I.* C. M. 
Turner, Brookhaven National Laboratory.—A new, or at 
least newly recognized phenomenon has been encountered in 
ion accelerating tubes having internal diameters larger than 
normally used heretofore. This phenomenon is that of “‘elec- 
tron loading” or back electron current appearing under suit- 
able conditions of voltage and vacuum, and has been a source 
of difficulty in tubes built for both of the Brookhaven electro- 
static accelerators. The outstanding characteristics of this 
phenomenon are the following. (a) It sets in at a definite volt- 
age threshold as evidenced by the sudden appearance of x-rays 
and increased current drain. (b) It increases approximately 
as the sixth power of the voltage and hence acts as an effective 
voltage limiter. (c) The threshold is found to be sharply de- 
pendent on tube pressure, increasing with increasing tube 
pressure. (d) He, He, No, and A affect the threshold in approxi- 
mate proportion to the mass of gas present. Numerous tests 
suggest that the electrons in question are emitted from regions 
at the cathode end of the tube where field lines from the tube 
terminate. A possible mechanism to account for this emission 
is discussed in the following paper. 


* Work performed under the auspices of the AEC. 


IS. Electron Loading in Ion Accelerating Tubes. II.* Joun 
P. Blewett, Brookhaven National Laboratory.—The experi- 
ments described by Dr. Turner in the preceeding paper in- 
dicate that the spurious electron emission observed in positive 
ion accelerating tubes is a surface effect and is associated with 
surface layers of reasonably volatile materials, probably pump 
oils or other organic vapors. These phenomena have been 
reproduced in a parallel plane diode whose electrodes were 
about one millimeter apart. The electron currents appeared 
in the range between 2 and 30 kilovolts, so that the fields were 
of the order of tens of kilovolts per centimeter. Fields of this 
order appear at the electrodes of conventional Van de Graaff 
accelerating tubes. The electron current varied about as the 
sixth power of the voltage just as in the case of the current 
observed at high voltages. The effect depends on field, not 
total voltage; it is relatively independent of temperature 
around room temperature; and it is strongly affected by sur- 
face contaminations. Arguments will be presented to show that 
this effect is identical with the Malter effect. 


* Work performed under the auspices of the AEC. 


16. Properties of the Ranger. Davip L. Hii, Vanderbilt 
University.—I shall describe the Ranger, developed in 1944— 
45 at the Argonne National Laboratory to measure distribu- 
tions-in-range of heavy particles released in nuclear reactions, 
Four pillbox-shaped proportional grid-counters, operating 
usually under 0.05 atmosphere of CO2, and connected to a 
coincidence-anticoincidence network, detect, with resolutions 
limited only by straggling, particles with ranges in NTP air 
between 0.15 and 200 centimeters (0.15 to 200 cm). A remote 
control mechanism within the gas-tight envelope common to 
the counters and the source plate (which may, e.g., rest in a 
neutron or gamma-ray beam fired from a chain reactor) per- 
mitted the variation by steps as small as 0.03 cm. of absorbers 
both between the source and the first counter and between 
the first and second counters without disturbing the common 
gas mixture or altering the source-counter geometry, and with- 
out radiclogical hazard. We have successfully applied the 
Ranger to the measurement of several neutron, proton, and 
alpha-particle spectra. The gated electronic channels for the 
counter signals are adjusted to determine the maximum and 
minimum pulses passed. Thus the instrument selects protons 
or alpha-particles or other ions by counting only those charged 
particles producing a chosen specific ionization at a given dis- 
tance from the end of their range. 
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17. Regenerative Deflector for Synchrocyclotron.* J. L. 
Tuck AND L. C. TENG, The University of Chicago.—The de- 
flection of a synchrocyclotron beam can be obtained through 
the increasing radial oscillation induced by repeated passage 
through a locally increased magnetic field at one point on the 
stable orbit and a similarly reduced field at another. The azi- 
muthal separation between these two perturbations is made 
about 90°. Graphical plotting shows that by suitably shaping 
the field perturbations, the separation between consecutive 
orbits can reach about 1.5” after ~25 revolutions for a 450 
Mev proton beam at 76” stable radius, while at the same time, 
the growth of the vertical oscillation can be suppressed. This 
is sufficient for the beam to clear the mouth of a magnetic 
shielding channel. It is found also that after ~10 passages 
through the perturbations, all the protons are forced into the 
same phase of radial oscillation. This gives the expectation of 
a high efficiency. The deflected proton pulses are of extended 
duration. 


* Supported by the joint program of the ONR and AEC. 


I8. A Recording Radiofrequency Spectrometer for Nuclear 
Quadrupole Studies.* N. A. ScnusTerR AND G. E. Pake, 
Washington University.—A recording r-f spectrometer, similar 
in function to that of Pound,’ has been constructed for study- 
ing electric quadrupole splittings of nuclear resonances. The 
circuit consists of an r-f oscillator, untuned r-f amplifier, de- 
tector, audio amplifier, and a simplified phase-sensitive de- 
tector of a design which minimizes the effect on balance of 
tube characteristics, reference-voltage amplitude, and audio- 
voltage amplitude. The apparatus is used with a permanent 
magnet which provides a constant field of 7300 gauss. A well- 
resolved quadrupole splitting of the Li? resonance has been 
obtained from a single crystal of LiAl(SiO;)2 (Spodumene). 
Although the resonance of Li* (7.3 percent natural abundance) 
has been obtained from the same crystal, the quadrupole 
doublet is not well resolved. On the basis of analysis of the 
width of the unresolved Li* resonance, a tentative value for 
the magnitude of the ratio Q(Li*)/Q(Li’) will be given. 


* Assisted by the joint program of ee ONR and AEC, 
(1950). 


1R. V. Pound, Phys. Rev. 79, 685 

19. Magnetic Shielding of H' and F* Nuclei in Molecules.* 
H. S. Gutowsky, C. J. HorrMan, AND R. E. McCuure, Uni- 
versity of Illinois.—It has been suggested! that the magnetic 
shielding of a given nucleus chemically bound to other atoms 
in various simple covalent compounds depends systematically 
on the position in the periodic system of the other atoms. Nu- 
clear magnetic resonance measurements have been made of the 
magnetic shielding of the H' nucleus in most of the covalent hy- 
drogen compounds of types CH,, NHs, H,0, HF, and Hp, and 
also for the F'* nucleus in similar fluorine compounds. The range 
in magnetic shielding observed thus far for the proton resonance 
is 0.11 gauss; anhydrous HF and HI are at the limits with the 
latter exhibiting the largest shielding. In the case of the fluorine 
resonance, the range is 3.7 gauss with limits at F; and SF; SF 
has the largest shielding. The total field for these measure- 
ments was about 6375 gauss. The results confirm the perio- 
dicity of the shielding; in a given period the shielding de- 
creases with Z, while in a given group the shielding increases 
with Z. As the covalent radii follow the same trends, the mag- 
netic shielding may be related directly to the covalent radii. 


* a oo in part by the ONR 
S. Gutowsky and C. J. Hoffman, Phys. Rev. 80, 110 (1950). 


110. Nuclear Magnetic Resonance of Protons Absorbed 
Into Metallic Palladium.* R. E. NorBerG, University of 
Illinois.—The nuclear magnetic resonance absorption signal 
has been observed at 30 mc/sec. for mobile protons loaded 
into palladium wire by means of a glow discharge. The signal 
is due to those protons included in the skin depth and is ob- 
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served by the use of a bridge technique with the wire used 
either as the sample coil or as the termination of a quarter 
wave-length coaxial line. The coaxial line signal is comparable 
to that obtainable with the coil. If the tip of the line is im- 
mersed in water, a strong liquid resonance is observed. A nar- 
row hydrogen-palladium line width (~ yy gauss) is observed,' 
which broadens with increasing concentration and with de- 
creasing temperature. The relaxation time, as determined by 
saturation measurements, is several seconds and is apparently 
due to the conduction electrons. The resonant frequency is 
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shifted with respect to that for water. At low loads the shift 
is due primarily to the bulk paramagnetism of the palladium 
and is a function of the orientation of the sample in the field. 
At high loads and negligible Pd susceptibility, a small para- 
magnetic shift is probably due to the conduction electrons.* 
The results will be discussed with respect to possible struc- 
tures of the H-Pd system. 
* This work has been supported in pt oy Ag ONR. 


A. Garstens, Phys. Rev. 79, 397 
WwW. D. Knight, Phys. Rev. 76, 1259 isan: 


FRIDAY AFTERNOON AT 2:15 
Breasted Hall 


(GREGOR WENTZEL presiding) 


Theoretical Physics, Mainly Nuclear 


Ji. Interference Effects in Gamma-Gamma Polarization 
Correlation. M. Fucus anp E. S. LENNOX, University of 
Michigan.—Ling and Falkoff' have suggested that the ex- 
perimental angular correlation? of Sr** can be fitted by a 
mixture of magnetic dipole and electric quadrupole for one 
transition and a pure magnetic dipole for the other. They 
show that the relative phase é for M.D. and E.Q. ranges from 
0° to 58° and with each phase there are two choices for |8/a|, 
the relative amplitude of E.Q. to M.D. in the mixed transition. 
We investigate the question of whether one could sharpen the 
choice of 6 and |8/a| by the usual polarization correlation ex- 
periment in which either quantum of the cascade goes to the 
polarization sensitive detector. We find: (a) Jg/I, (Hamilton's 
notation) depends upon 9, the relative efficiency for counting 
when the pure or mixed quantum goes to the polarization 
detector. (b) For the case of Sr8* where »~1, one might de- 
termine 6 and |8/a| within narrow limits if Jg/I, is large. 
If Ip/I,~1, we can narrow the choice of |8/a|, but 6 remains 
undetermined. 


Ay S. Ling and D. L. Falkoff, Phys. Rev. 76, 1639 (1949), 
>. L. Brady and M. Deutsch, Phys. Rev. 72, 870 (1947); 74, 1541 (1948). 


J2. Level Densities in Light Nuclei. C. L. CritcHrireLp 
AND S. OLEKSA, University of Minnesota.—The theory of the 
density of energy levels was investigated originally from a 
statistical point of view by Bethe.' Subsequently, many au- 
thors have continued the investigation; and, in particular, 
Bardeen has taken the effect of exchange forces into considera- 
tion for heavy nuclei. For lighter nuclei the statistical ap- 
proach is questionable; and more explicit methods of counting 
levels have been applied for medium weight nuclei (A <60) 
assuming constant spacing of single particle kinetic energies, 
and for very light nuclei (A=16). Most of our precise experi- 
mental data, however, lie in the region 16=A =40. In order to 
determine the regions of validity of the statistical method in 
the latter range we have made an explicit determination of the 
levels in the independent particle model of Neon” with a 
ground state of s*p'*d‘. Principal contributions to excitation 
were considered to be the differences in kinetic energy (calcu- 
lated for finite potential well) and the effect of the symmetry 
of the wave function on the potential energy. In counting 
the levels, however, we allowed only the degeneracy of total 
angular momentum. The relation between our results and 
statistical calculations will be presented. 

1 Bethe, Rev. Mod. Phys. 9, 82 (1937). 


J3. Graphs of Internal Conversion Theory.* PETER AXEL 
AND R. F. Goopricu, University of Illinois—The purpose of 


this paper is to show and explain the essential features of a 
series of graphs on internal conversion coefficients. The graphs 
will be circularized as a Navy Report. The data are not new, 


, but the presentation illustrates some features of the theory of 


particular interest to the experimentalist. For example, it is 
apparent that the theory can be tested most easily in the low 
Z region, since, despite possible mixtures, there are large 
regions of K conversion coefficients which are not admissable 
according to theory. On the other hand, mixtures can be 
studied in the high Z region. Graphs are presented which 
attempt to extend the exact values for K conversion coeffi- 
cients to lower energy by extrapolation using approximate 
calculations as a guide. The partial validity of the approximate 
theory of electric conversion at low energy is illustrated 
graphically. At 150 kev the maximum error is 58 percent for 
Z =30 and /=5; it is less for lower / and higher Z. Graphs are 
also presented of the electric K to L ratio at several Z values. 


* This work was sponsored under a joint ONR-AEC contract. 


j4. High Energy Bremsstrahlung and Pair Production. 
G. ParsEN, University of Chicago.—Calculations of the cross 
section for high energy bremsstrahlung have been carried out 
without the use of the Born approximation, but by reducing 
the problem to the calculation of the exact elastic scattering 
of electrons and positrons. That this procedure may be pos- 
sible is suggested by the usual perturbation calculation, in 
which bremsstrahlung is pictured as a two-step process, one 
of which is the scattering of the electron by the nucleus. In 
the elastic scattering of electrons, the BA (Born approxima- 
tion) has been found to be considerably in error for heavy 
elements. Correspondingly large deviations should be expected 
and were found at the larger angles in the angular distribu- 
tion of the bremsstrahlung. However, at the smaller angles 
where most of the bremsstrahlung is concentrated, the BA 
leads to little error, so that the BA should give the integrated 
cross section correctly at sufficiently high energies. It was 
estimated that the error in the integrated cross section is at 
most of the order of about (m/E)4, where E is the incident 


genergy of the electron. Screening effects were neglected, but 


it is felt that the inclusion of screening would not affect this 
result very much. Similar considerations were carried through 
for pair production. 


J5. On the Theory of Forbidden §-Transitions. R. H. 
Goon, Jr. anp G. E. UHLENBECK, University of Michigan.— 
By using the WKB approximation for the relativistic radial 
wave functions, the following problems regarding the shape 
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of forbidden 6-spectra were investigated: (I) The validity of 
Fermi’s cut-off method for the radial wave functions. A nu- 
clear model with uniform surface charge was considered, and 
the wave functions evaluated strictly at the origin. Although 
in some terms of the formulas for the forbidden spectra the 
change compared to the usual formulas is appreciable, the 
over-all effect on the shape is usually minor. (II) The effect 
of the screening of the atomic electron cloud on the shape of 
forbidden §-spectra. It turns out that the effect of screening is 
inappreciable for the correction factors, and the only change 
needed in the formulas for the shape is a modified F(Z, W) as 
has been discussed earlier for allowed transitions. 


J6. Consequences in H* of the H*, He* Moment Anomaly. 
NorMAN AUSTERN, University of Wisconsin.—lIf the three- 
body magnetic moment anomaly is assumed to be a two- 
nucleon “interaction moment,” the associated operator can 
be established without reference to its origin, a detailed theory 
of the nuclear interaction mechanism being avoided. Of those 
operators with the correct transformation properties under 
rotations and reflections of coordinates and under interchange 
of nucleons, only that one is retained which contributes to 
the H’, He* moments in the pure symmetric *S state and does 
not contribute to the deuteron moment: 


AM = (eh/2Mc)4}2a,8(Ca—Op) } (Ta — 78) P( |Ta— tp). 


As AM is correlated in some way with the interaction mecha- 
nism the unknown function, @ must be short range. The opera- 
tor AM can be used to compute the corresponding effects for 
other nuclear systems: both changes in static moments and 
in magnetic dipole transition probabilities. A 4-percent in- 
crease is found for the theoretical NP (magnetic dipole) cap- 
ture cross section, which offers a cleancut test for AM. This 
prediction is nearly independent of the shape of @ if the shape 
is not unreasonable. 


J7. Some General Angular Correlation Formulas. StuaRT 
P. Lioyp, University of Illinois.—It is shown that the angular 
correlation function of two successive particles emitted by a 
nucleus can be found explicitly as a function of the angular 
momenta of the three nuclear levels and the multipole orders 
of the two radiations, using the function W(abcd; ef) intro- 
duced by Racah! to describe a certain sum of products of 
vector-addition model coefficients. The essence of the method 
is the use of the invariance property of the correlation under 
rotations of the coordinate system used to describe the par- 
ticles. The W(abcd; ef) involved are fairly simple in the 
physically interesting cases where the multipole order is the 
lowest or next lowest allowed. The author has obtained the 
Y—vY, y-conversion electron and conversion electron-conver- 
sion electron angular correlation functions in these cases 
(including the polarization-polarization and magnetic 2!- 
electric 2'*! interference terms) in a form suitable for nu- 
merical calculation, for arbitrary multipole orders of the 
emitted particles. The method is general and covers all cases 
in which two successive particles are emitted (the second 
quickly) by a system which is initially randomly oriented. The 
extention to correlations in 8-decay is straightforward. 


1 Giulio Racah, Phys. Rev. 62, 438 (1942). 


J8. Excitation and Disintegration of Nuclei by the Coulomb 
Field of Positive Particles.* CkARLEs J]. MULLIN AND EUGENE 
Gutu, University of Notre Dame.—General formulas for the 
cross section for the 2-pole excitation (or disintegration) of a 
nucleus by the electric field of a non-relativistic positively 
charged projectile have been obtained by using the Born 
approximation; the finite size of the nucleus has been taken 
into account. For electric dipole excitation a more accurate 
evaluation has been made in which the initial and final states 
of the charged projectile are described by the exact Coulomb 
field wave functions. The cross section for electric 2-pole ex- 
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citation of a nucleus by the field of a charged projectile is 
proportional to the corresponding photo-excitation cross sec- 
tion; the proportionality factor may be interpreted as the 
number of virtual electric 2-pole quanta in the field of the 
charged projectile. In the electric dipole case, the cross section 
for the inelastic scattering of a charged projectile is shown to 
be proportional to the cross section for the production of con- 
tinuous x-rays by deflection of the projectile in a Coulomb 
field. Thus, a relation is established between the virtual quanta 
representing the Coulomb field of the projectile and the real 
quanta of the x-ray spectrum corresponding to the scattering 
process. 


* Supported in part by the ONR. 


J9. On the Canonical Constraints in Covariant Field 
Theories.* James L. ANDERSON, PETER G. BERGMANN, AND 
ROBERT PENFIELD,{t Syracuse University—In the canonical 
formulation of the field equations of a fully covariant field 
theory, it is necessary to prescribe a number of algebraic 
constraints between the canonical field variables which must 
be satisfied on a space-like hypersurface and which will then 
remain satisfied elsewhere by virtue of the canonical field 
equations. There are four primary constraints and at least 
four secondary constraints, defined as Poisson brackets be- 
tween the primary constraints and the Hamiltonian. The 
secondary constraints correspond to the second subsidiary 
condition in electrodynamics. In general, the primary con- 
straints are not by themselves separated momentum densities, 
as the first subsidiary condition is in electrodynamics. But we 
have been able to prove that such a separation can always be 
effected with the help of an appropriately chosen canonical 
transformation. We shall show the construction of the gen- 
erating functional. The result of this separation is a consider- 
able simplification of the structure of the theory. We are con- 
tinuing the investigation of the secondary constraints. 


* Supported by ONR. 
t+ Now at Harpur College. 


J10. Covariant “Photon-Vacuum.” F. J. BELINFANTE, 
Purdue University.—Let # denote Heisenberg representation 
(with state vector ) and let % denote interaction representa- 
tion (with ¥[e]). It was pointed out earlier that the “photon- 
vacuum” condition ¥@,‘*(x)@=0 or “@,°+*(x)¥[o]=0 is 
not rigorously covariant with 0,“A*(x)@=0, These conditions 
lead to an electronic ‘‘kinetic self-energy,” and to a Rydberg 
constant contrary to experimental results.* It is now sug- 
gested that the rigorously covariant condition °@,‘+*(x)®@=0 
(with 0,°A*(x)@=0) be used instead. Since (neglecting in- 
tegrals at infinity) we may put “A =47A —4A,., the new con- 
dition means equality of the “field of photons” (in the sense 
of Heisenberg representation) to the retarded field: it means 
absence of “photons without source.” Instead of being simply 
a “photon-vacuum” condition, this condition may well be 
valid for all states, even more fundamentally than the Lorentz 
condition. Only when sources of incident photons are arbi- 
trarily “left out of consideration,” the new condition should 
be dropped, unless we want to exclude “incident photons.” 
The applicability of the new condition is being studied. 

iF. J. Belinfante, Phys. Rev. 79, 201A (1950). 


?F. J. Belinfante, Science 111, 711 (1950); R. T. Birge, Phys. Rev. 79, 
193, 1005 (1950). 


Jil. The Irreducible Volume Character of Events. B. T. 
DarLinG, Mendenhall Laboratory of Physics, Ohio State Uni- 
versity.—It is proposed that the creation, continued existence, 
and annihilation of particles be considered as aspects of a 
material process, that this process—through which a trans- 
formation from non-particle (field) to particle occurs—is 
governed by the same structure, whether the transformation 
involves the creation of one or of several particles (of same or 
of different natures), or of their motion in continued existence. 
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It is assumed that this material process requires an irreducible 
volume in space-time. The mathematical formulation of the 
theory consists of a two-step correspondence type of general- 
ization of the wave equations (Dirac, Proca, etc.) which are 
first converted into self-adjoint difference equations (thereby 
introducing a fundamental length w) and then averaged over 
the four-dimensional rotation group. The resulting integro- 
difference equation in the Dirac case possesses a spectrum of 
masses among which are presumably the electron, proton, 
and yp-meson (predicted mass 218.76 e.m.); and the funda- 
mental length w agrees with the classical diameter of the 
electron. All of the particles have the same magnitude of charge 
and are electrically stable. This stability and the non-existence 
of any particle between the electron and u-meson allows the 
conclusion that the u-meson must decay into an electron and 
two neutrinos. 


J12. The Values of the Fundamental Atomic Constants and 
Integral Relationships. Enos E. WITMER, University of Penn- 
sylvania.—If we assume that M,/m is 1836 and hc/e* is 
2837/11 exactly and use the best experimental values of 
h/e, Re, c, and M, in mass units, we can calculate very ac- 
curate values of most of the other atomic constants. Following 
Bearden and Watts,! we take c as (2.997898+0.000009) x 10'° 
cm/sec., h/e as (1.37928+0.00004) X10-"? erg sec. e.s.u.~, 
and M, as 1.0075835 m.u. This yields the following values of 
the more important atomic constants: F, 9652.36+0.28 e.m.u. 
equiv (Phys.); e, (4.80198+-0.00015)x10- e.s.u.; e’, 
(1.601782 +0.000046) X10-2 e.m.u.; h, (6.62327+0.00040) 
10-27 erg sec.; N, (6.02601+0.00035) x 10% (Phys.); m, 
(9.10706-+0.00053) X10 gm; e’/m, (1.758835+0.000051) 
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X10? e.m.u. gram™!; 1/a, 137.04687. Also we take the mag- 
netic moment of the proton to be (1876/671)(1—a/2r)un. 
These values are in excellent agreement with all experimental 
values. 





1J. A. Bearden and H. M. Watts, A R I 7 Fund i 
; Atomic —— (The Johns Hopkins advo Rad tion Laboratory, 
uly 31, 1950). 


J13. The Macroscopic Neutral Meson Field. WALTER W. 
Wana, University of Michigan.—Taking the neutral vector 
meson field for consideration, an attempt is made to establish 
a macroscopic neutral vector meson field for nuclear matter 
corresponding to the macroscopic electromagnetic field in 
Maxwell theory by exploiting the analogy between the two 
fields. In the low energy region of nuclear force mesons (140 
Mev—300 Mev), where the deBroglie wave-length is long 
compared with the average inter-nucleonic distance in nuclear 
matter, it was possible to derive macroscopic neutral Proca 
field by the process of averaging similar to that employed by 
Lorents in deriving Maxwell equations from his microscopic 
electromagnetic equations. Following Bhabha's treatment! of 
the classical equations of motion of a nucleon in an external 
neutral vector meson field, dispersion law has been obtained 
both in the vector and tensor coupling between the field and 
the nucleon. It is found that ¢ arising from the mesonic electric 
polarization moment in the vector coupling is practically 
unity, whereas » obtained from the mesonic magnetic polariza- 
tion moment in the tensor coupling could be considerably 
larger than unity in the region of meson energy considered 
owing to the existence of resonance in the scattering formula. 


1H. J. Bhabha, Proc. Roy. Soc. London, A178, 314 (1941). 


Invited Paper 


Ji4. Energy Levels ot Mirror Nuclei. H. T. Ricuarps. University of Wisconsin. (30 min.) 


FRIDAY AFTERNOON AT 2:15 
Eckhart 133 
(D. J. HuGHEs presiding) 


Bremsstrahlung; Scattering; Stopping Power 


K1. Proton Bremsstrahlung at 145 Mev.* JaMEs RoUVINA 
AND RICHARD WILSON, University of Rochester —A 145-Mev 
proton beam was intercepted by a Be target. y-rays and neu- 
trons from the target were collimated in the cyclotron fringing 
field which removed charged particles. y-rays were detected 
by counting the pairs from a thin Pb materializer with a tele- 
scope of scintillation counters. Absorption of the primary 
radiation in Pb and Al showed a negligible number of neutron 
counts at 90° and 180° to the proton beam. Absorption of the 
secondary electrons in copper indicates that the spectrum of 
y-radiation has a maximum near 50 Mev. If we assume that 
the spectrum is of the form (4£9—v)v"~*dv, corresponding to 
a nuclear potential varying as 1/r*,! we find n=3+1. The 
ratio of intensities at 90° to 180° is 2.8+-0.7 after correction 
for the different spectra at the two angles. The total cross 
section is found to be 4X 10~* cm? per nucleon within a factor 
of 2. 


* This work was supported by the AEC, 
1A. Simon, Phys. Rev. 79, 573, 1950. 


K2. Bremsstrahlung Cross Section of 61-Mev Electrons 
in Lead.* C. D. Curtis, University of Illinois Radiation 


straggling was used to measure the absolute cross section and 
the shape of the high energy end of the bremsstrahlung spec- 
trum for electrons in lead. After scattering from the target of 
an 80-Mev betatron, electrons emerged through the “donut” 
wall. After collimation and magnetic analysis, the electron 
flux had a mean energy of 61 Mev and a half-intensity total 
spread of about 13 Mev. Energy loss occurred when the elec- 
trons passed perpendicular to a 3100-gauss magnetic field 
through 5- or 15-mil lead foils in a 9-in. cloud chamber. The 
photographed tracks were steroscopically analyzed. Only 
large energy losses were recorded. Partial analysis of the data 
to date show: 
Theory Experiment 

@ X10™ cm?/Mev hv/(Eo—mc*) «X10*% cm?/Mev 


0.3 0.95 —1.00 0.23 40.05 
0.90 —0.95 0.60 +0.08 


hv/(Eo— 


0.975 
0.925 0.6 


mc?) 


Total observed cross sections for pair creation by electrons 
and electron-electron scattering are of the same order as 
theory. 


* Assisted by the joint program of ONR and AEC. 
1W. Heitler, The Quantum Theory of tation, 
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K3. An Improved Calorimeter for Calibration of 320-Mev 
Bremsstrahlung.* E. L. Piper anp G. A. Price, University 
of Illinois —Observations of photo-nuclear reactions with 
bremsstrahlung from the betatron and absolute measurements 
of corresponding cross sections have indicated the desirable- 
ness of an absolute measurement of bremsstrahlung intensity. 
A new calorimeter used in measuring the power of the x-ray 
beam was a thermopile consisting of two identical lead cylin- 
ders multiply connected with chromel-alumel wire. The evacu- 
ated system was placed in the beam in such a way that one 
of the cylinders intercepted all of the collimated beam while 
the other received no radiation. A parallel plate ionization 
chamber measured the bremsstrahlung ionizing power im- 
mediately behind 4” Pb. Preliminary tests with this chamber 
provide a second prescription for measuring bremsstrahlung 
flux.! The chamber consisted of three parallel Al foils each 
0.016” thick with 4” diameter active area and 0.120” air gap 
separating them. At the ion chamber the diameter of the 
collimated x-ray beam was §”. The center foil voltage was 
measured with a Victoreen model-70 electroscope. 

The x-ray energy flux is 0.0012 joules per e.s.u. of ionization 
per cm air path length. 

* Assisted by the Joint Research and Fellowship Program of the ONR 


and AEC, 
1D. W. Kerst and G. A. Price, Phys. Rev. 79, 725 (1950). 


K4. Z Dependence and Angular Distribution of Bremsstrahl- 
ung from 17-Mev Electrons.* L. H. LANzL anp A. O. HANson, 
University of Illinois—The cross section for bremsstrahlung 
production as a function of atomic number, Z, has been meas- 
ured using a 16.93-Mev focused electron beam from a 22-Mev 
betatron. The incident electrons impinged on thin targets of 
Z=4, 13, 29, 47, 79, which had the same N(Z?+Z). The 
x-ray beam thus produced was cleared of electrons by means 
of a magnet. Two detectors were used to measure the radia- 
tion. Using the radioactivity induced in Cu® [(y, n), threshold 
10.9 Mev], which measures the upper end of the x-ray spec- 
trum where screening is negligible, the cross section was found 
to vary as (Z?+Z), within the experimental error of about 2 
percent. Using a thick-walled aluminum ion chamber, which 
detects low as well as high energy quanta, the x-ray yield 
from the targets was found to decrease with Z, Be giving a 
yield 1.4 times that from Au. The angular distribution of 
radiation intensity was measured with a small ion chamber for 
Au targets of various thicknesses. Experimental measurements 
gave angles of half-intensity slightly less than those predicted 
by Schiff’s theory. The central radiation intensity, as a func- 
tion of Au thickness, shows a maximum at 0.035 inch. 

* Assisted by the joint program of the ONR and AEC. 


KS. Nuclear Radii from Electron Scattering Measure- 
ments.* A. O. Hanson, E. M. LyMan, ano M. B. Scort, 
University of Illinois —The measurements on the elastic scat- 
tering of 15.7-Mev electrons, reported at an earlier meeting, 
have been repeated and are now estimated to be accurate to 
about 5 percent. These measurements give cross sections for 
light nuclei at 30 degrees, which are about 5 percent higher 
than those calculated including the radiative correction.’ The 
difference may not be significant, since it is just within the ex- 
perimental error. The scattering from the heavier elements at 
large angles was compared with the scattering by a uniform 
nuclear charge distribution of finite size as calculated by Elton? 
and Acheson.’ The scattering from silver and gold is reduced 
to 0.7 and 0.5 of that for a point charge which corresponds to 
nuclear radii of about 0.75 and 0.62 of those found from neu- 
tron measurements. These small radii for the nuclear charge 
densities may indicate that nuclei are built up of dense central 
cores surrounded by less dense outer regions and may be useful 
in understanding the success of the shell model of the nucleus. 

* Assisted by the joint program of the ONR and AEC. 


4 Schwinger, Phys. Rev. 76, 790 (1949). 
2L. R. B, Elton, Phys. Rev. 79, 412 (1950). 
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K6. Electron-Electron Scattering at 15.7 Mev.* M. B. 
Scott, A. O. Hanson, AND E. M. Lyman, University of Illi- 
nois.—The angular distribution and momentum of 15.7-Mev 
electrons scattered by atomic electrons was investigated at 
eight angles between 10° and 43° in the laboratory system 
(70° to 150° in the center-of-mass system). Electrons from the 
22-Mev betatron were focused by a magnetic lens on 1- and 
2-mil nylon scattering foils. The scattered electrons were 
defined by a gold-lined aperture and detected by a Geiger 
counter. The electrons scattered from electrons were separated 
from electrons elastically scattered from nuclei by a Nier 
type 75° magnetic analyzer, since the energies involved are 
quite distinct. Preliminary analysis of the data indicates good 
agreement with the theory of Mgller' as to angular distribu- 
tion and energy of the scattered electrons. 


* Assisted by the joint program of the ONR and AEC. 
1C, Moller, Ann. d. Phys. 406-14, 531 (1932). 


K7. Measurement of Multiple Scattering of 15.7-Mev 
Electrons.* E. M. Lyman, A. O. Hanson, L. H. Lanz, anp 
M. B. Scort, University of Illinois. —The angular distribution 
of multiply scattered 15.7-Mev electrons has been measured 
for Be and Au foils. The experimental equipment is the same 
as that used in the electron-electron scattering measurements 
by Scott, Hanson, and Lyman. The scattered beam was de- 
fined by a #s”" diameter hole 10” from the scattering foil and 
detected by an air ionization chamber. The distributions have 
1/e widths of 2.58° and 3.76° for Au foils of 18.66 and 37.28 
mg/cm?, and 3.06° and 4.25° for Be foils of 257 and 491 
mg/cm?*. These values are at least 10 percent narrower than 
calculated by Snyder and Scott! is we replace Z* in their 
theory by Z*+Z, except where Z applies to shielding. In 
another experiment using x-ray film as a detector, the widths 
of the film density distributions were slightly narrower than 
those given above. The scattering by the Aufoils was also 
measured from 6° to 30°, which is the region of single scatter- 
ing increased slightly by multiple scattering. The ratio of the 
scattering from the thick foil to that of the thin fil was 
2+95/# from @=9° to 30°. 


* Assisted by the joint ay men of ONR and AEC 


1H. S, Snyder and W. T. Scott, Phys. Rev. 76, 220 (1949), 

K8. A Cloud Chamber Study of Positron-Proton Colli- 
sions.* K. H. MORGANSTERN AND H. P. Hotz, Washington 
University.—The large-angle scattering of positrons from 
hydrogen nuclei has been studied in order to obtain an ex- 
perimental comparison of the angular variation in cross sec- 
tion with the Rutherford distribution (modified for spin), 


csc*(0/2)[1 — (v®/c*) sin*(0/2) ] 


in the case of positrons. A 10-millicurie Na® source was used 
to provide the positrons, which were rendered monoenergetic 
and collimated by means of a wedge-shaped magnetic field and 
slit system. The beam of positrons, which entered the cloud 
chamber through a half-mil polyethylene window, was pulsed 
to coincide with the expansions of the chamber. The cloud 
chamber was filled with a hydrogen-alcohol mixture at a 
gauge pressure of 10 pounds per square inch. Results will be 
reported for positrons of two energies, 200 kev and 450 kev; 
preliminary results at the lower energy show agreement with 
the Rutherford law. 


* Assisted by the joint program of the ONR and AEC. 


K9. Scattering of Protons by Tritium.* R. S. CLAAssen, 
G. D. Freter, anD W. R. Stratton, University of Minnesota. 
—The differential cross section for the scattering of protons 
from tritium has been measured in the energy range 2.5 to 
3.5 Mev and the angular range 41.8° to 163° in the laboratory 
system. Protons accelerated by the Minnesota electrostatic 
generator were scattered and counted in a small volume 
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(about 1 standard cc of gas) non-planar scattering chamber 
with an angular range of 17° to 163°. The center-of-mass dif- 
ferential cross section considered as a function of scattering 
angle shows a broad minimum at 100° in the above energy 
range. These measurements are in reasonable agreement with 
those of Hemmendinger, et al.! in the region of overlapping 
energy. The small volume chamber designed to utilize small 
quantities of rare gases as target nuclei in scattering and dis- 
integration angular distribution experiments will be described. 


* This work was supported Spot by the ONR 
1 Hemmendinger, Jarvis, and hek, Phys. Rev. 76, 1137 (1949). 


K10. On the Low States of He‘ and Li’. Ropert K. Aparr, 
University of Wisconsin.—An analysis of the experimental 
material on the scattering of protons+? and neutrons* by 
alpha-particles indicates that the low states of He® and Li’ 
consist of an inverted P!—P# doublet with a splitting of the 
order of 3 Mev. The phase shifts can be fitted with single 
level dispersion formulas: 


p70 PL1/Fe(a)?+Ge(@)] _ 
A E,—E 


_, Fifa) 
Gi(a)’ 





6, ;=tan 


where F; and G; are the regular and irregular particle wave 
functions. Both the Li and the He® data were best fitted by 
using the same value for a, the reaction radius, and for *, the 
reduced width, consistent with the assumption of charge inde- 
pendent interaction. An E, of 2.65-Mev proton bombarding 
energy was obtained for the ground state of Li’, while the 
lowest level of He’ occurred at 1.3-Mev neutron energy. The 
P# levels seemed to lie 3 or 4 Mev higher. So large a splitting 
may be evidence for the importance of velocity dependent 
forces. 
: Freier. Lampi, Sleator, and Williams, Phys. Rev. 75, 1345 (1949). 


2C. L. Critchfield and D. C. Dodder, Phys. Rev. 76, 602 (1949). 
+ Bashkin, Petree, and Mooring, unpublish 
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K11. Elastically Scattered Protons from Carbon.* GERSON 
GOLDHABER,t R. M. WILLiaMson, H. L. Jackson,{ AND 
M. J. W. LauBENsTEIN, University of Wisconsin.—Excited 
levels in N' were investigated by observing the yield, at an 
angle of 164°, of protons elastically scattered from carbon. 
Bombarding energies from 0.3 Mev to 4.0 Mev were observed. 
A 90° magnetic analyzer was used to separate proton groups 
from carbon and the nickel backing. Only two resonances at 
456-kev and 1.7-Mev proton energy, previously known!? 
from the C'*(p, y)N™ reaction, were found. The differential 
cross section for elastic scattering at the two peaks was 
0.54 10-* and 0.94 10-* cm?/steradian, respectively. Ab- 
solute cross sections were determined to +25 percent. Between 
the resonances, the yield maintains a level of 0.1410-** 
cm*/steradian which is well above Rutherford scattering. 
Following the second resonance region, a lower plateau of 
0.063 x 10-** cm*/steradian extends to about 3.5 Mev. 


* Work supported by the AEC and the Wisconsin Alumni Research 
Foundation. 

t+ Now at Columbia University, New York, New York. 

} Kimberly Clark Fellow 

iw. A. Fowler and C. C. Lauritsen, Phys. Rev. 76, 314 (1949). 

2D. M. Van Patter, Phys. Rev. 76, 1264 (1949). 


K12. Stopping Power and Energy for Ion Production for 
340-Mev Protons.* C. J. BAKKER AND E. SEGRE. University 
of California, Berkeley —The relative mass stopping power 
for 300-Mev protons of H (in CH:),, Li, Be, C, Al, Fe, Cu, 
Ag, Sn, W, and Pb have been measured. They are in the ratios 
2.634; 1.062; 1.024; 1.124; 1.000; 0.906; 0.875; 0.789; 0.751; 
0.680 ; 0.660 ; 0.630. For heavier substances the Bethe stopping 
power formula fits with experiments assuming I/Z =9.2 ev. 
(J average ionization energy, Z atomic number.) We meas- 
ured also the energy spent per ion pair produced by 340-Mev 
protons. For the following gases it is, in ev per ion pair: Ho, 
35.3; He, 29.9; Ne, 33.6; O2, 31.5; Ne, 28.6; A, 25.5; air, 33.3. 


* This work was performed under the auspices of the AEC. 


Invited Paper 
K13. Scattering of 16-Mev Electrons. E. M. Lyman, University of Illinois. (25 min.) 


FRIDAY EVENING AT 7:00 
Ida Noyes Hall 


(I. I. Rast presiding) 


Banquet of the American Physical Society 


After-dinner speeches 


John Torrence Tate. K. K. Darrow, Bell Telephone Laboratories. 





(Title to be announced). N. F. Mott, University of Bristol. 


SATURDAY MornIncG AT 10:00 
Eckhart 133 
(Cyrix S. Smith presiding) 
Metals 
Ll. The Half-Life of Positrons in Metals.* S. De BENE- 


DETTI AND H. J, RicuinGs, Carnegie Institute of Technology.— 
The annihilation of slow positrons in a metal occurs only by 


recombination with the conduction electrons because of the 
electrostatic repulsion between the positrons and the ions. 
Thus the annihilation high-life should be longest in the alkali 
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metals where the density of free electrons is small. If one 
neglects the electrostatic attraction between the free electron 
and the positron, the computed half-life in K is 6X 10-® sec. 
If one considers the electrostatic effect but neglects the modu- 
lation of the wave functions due to the crystal lattice (Fermi 
gas of free electrons), the computed value is 3X 107" sec. for 
positrons at rest. The real half-life probably lies between these 
two limits. An experimental attempt to detect the difference 
in half-life of positrons absorbed in metallic K and Pb has 
been performed. The method consists in a delayed coincidence 
measurement of the shift in time between the entrance of a 
fast positron and the emergence of an annihilation y from the 
absorbers. Preliminary measurements indicate that the differ- 
ence is smaller than 10~* sec. We are presently improving our 
techniques with the hope of detecting a measurable effect. 


* This work was done under the joint auspices of the AEC-ONR. 


L2. Change in Electrical Resistivity of Pure Copper Single 
Crystals as a Function of Cold Work.* J. W. MICHENER AND 
J. S. KorHier,t Carnegie Institute of Technology.—Single 
crystals of pure copper (99.999 percent Cu) were grown in the 
shape of standard cylindrical tensile specimens (0.18-in. 
diameter) by means of the Bridgman method in a vacuum 
furnace. Resistivities are measured at liquid hydrogen tem- 
peratures by passing a known current through the samples 
and measuring the voltage developed between two wires 
soldered to each sample. Data will be presented for four 
samples, a fifth is always measured but is not strained so that 
it serves as a reference standard in order to correct for small 
temperature differences. The samples are pulled in simple 
tension in increments of approximately 10 percent resolved 
shear strain. Strain is measured by using fiducial marks con- 
sisting of light scratches produced by a razor blade. Resolved 
shear stress and strain are determined using x-ray orientation 
data. Laue back reflection patterns are obtained after each 
increment in strain. Stress-strain curves will be presented as 
well as curves of resistivity versus resolved shear strain and 
elongation. 


* This work supported in part by contract with ONR. 
+t Now at University of Illinois, Urbana, Illinois. 


L3. Line Widths for Cold Worked Metals.* Cuartes S. 
Barrett, University of Chicago AND MARJORIE A. BARRETT, 
De Pauw University.—Integral line widths were measured for 
filed powders of face-centered cubic metals using CuKa and 
a Geiger-counter spectrometer. Filings were prepared at dif- 
ferent temperatures and immediately quenched. The 200 Ka 
line widths in °@, after correction by subtracting integral 
widths of recrystallized filings, may be grouped thus: (a) 0.02- 
0.20 (b) 0.21-0.40 (c) 0.41-0.50 (d) 0.51-0.69. The grouping 
and filing temperatures (°C) were: (a) Al (‘2.S"’), 20°, —195°; 
A! alloy “24S-T,"” 20°; Cu, 20°; Ag, 20°; Cu—2.9 percent Si, 
450°; (b) Cu, —195°; Cu—2.9 percent Si, 350°; Cu—8.5 
percent Zn, 20°; Cu—1.89 percent Si, 20°; (c) Cu—30 percent 
Zn, 20°; Ag—7 percent Sb, 20°; (d) Cu—2.9 percent Si, 
— 195°; Cu—4.2 percent Si, 20°; Ag—i1 percent Sn, 20°. All 
samples known by oscillating crystal methods! to have stack- 
ing faults are in (d); other in which faults were suspected are 
in (c) and those believed fault-free are in (a) or (b). Thus, 
faults cause significant widening in some cold-worked alloys, 
though this cause of widening has usually been ignored 


* Work supported in part by ONR, U.S.N., at University of Chicago. 
1C. S. Barrett, Trans. A.I.M.E, 188, 123 (1950). 


L4. Stress-Strain Curves of Pure Copper Single Crystals 
as a Function of Temperature.* J. B. WACHTMAN, JR. AND 
J. S. Koruer,t Carnegie Institute of Technology.—Single 
crystals of 99.999 percent copper were grown in pairs in the 
shape of standard cylindrical tensile specimens by the Bridge- 
man method in a vacuum furnace. The two members of each 
pair had the same orientation and the different pairs had 
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different orientations. After a 20-hour vacuum anneal at 
1000°C the crystals were strained either at room temperature 
or in a boiling bath of liquid nitrogen. Strain was determined 
by measuring the separation of light scratches. All strain 
measurements were made at room temperature and it was 
assumed that the strain determined this way was equivalent 
to the true low temperature strain (i.e., that the thermal ex- 
pansion coefficient is independent of cold work). The rate of 
loading was constant. It was found that the stress-strain 
curve for identical crystals was, within the accuracy of meas- 
urement, the same at liquid nitrogen temperature as at room 
temperature. Data on crystals strained partly at low tempera- 
ture and partly at room temperature will be presented as well 
as stress-strain curves at constant temperatures. 


* This work supported in part by ONR contract. 
t Now at University of Illinois, Urbana, Illinois. 


L5. Internal Friction Arising from the Precipitation of Zinc 
in an Aluminum-Zinc Alloy. A. S. Novick, University of 
Chicago.—Torsion experiments on an aluminum-zinc alloy 
(40 percent zinc) at frequencies of about one cycle per second 
show that precipitation may give rise to a very large internal 
friction. Specimens freshly quenched from a solution tempera- 
ture of 450°C show negligible damping at room temperature, 
but subsequent aging at an intermediate temperature results 
in increased internal friction depending upon the time and 
temperature of aging. The observed internal friction is a 
rapidly increasing function of the temperature of measure- 
ment and does not yield a peak. Values as high as Q-'=0.2 
have been observed ; this result is considerably larger than the 
height of the well-known grain boundary peak. In addition, 
the dynamic shear modulus has been observed to increase 
after aging by as much as 20 percent over the corresponding 
value in the quenched state. The observed effects seem to be 
independent of the grain size and the state of cold work of the 
specimen and are, therefore, attributed entirely to the pre- 
cipitation of zinc from solid solution. The manner by which 
relaxation may be produced by atomic movements at the 
surfaces of precipitate particles will be discussed. 


L6. Contribution from the Institute of Metals. C. Zener, 
University of Chicago.—Arguments are presented for the thesis 
that the entropy of activation AS for self-diffusion will always 
be positive, and a method is given for estimating its order of 
magnitude. All experimental values of Dy for self-diffusion are 
in accord with a positive AS. The same arguments are appli- 
cable to chemical diffusion provided such diffusion occurs 
homogeneously throughout the lattice. Nearly all the deter- 
mined values of Dy for chemical diffusion, other than those 
obtained at this laboratory, require a negative AS. We con- 
clude that in such cases diffusion was not homogeneous, and 
that the larger D» values characteristic of a positive AS will 
be obtained when very small concentrations are used in large 
grain-sized specimens. 


L7. Precipitation of Carbon and Nitrogen in Cold-Worked 
Alpha-Iron. S. Harper, University of Chicago.—The precipi- 
tation of carbon and nitrogen from supersaturated solution 
in cold-worked a-iron has been studied by means of internal 
friction measurements of the amount of solute in the material. 
The precipitation rate has been studied as a function of such 
variables as time, temperature, amount of cold work, and the 
degree of supersaturation. The results obtained indicate that 
the precipitate involved is not the normally appearing iron 
carbide or nitride phase but is a concentration of the solute 
atoms around dislocations in the iron. Quantitative agreement 
is found with a postulated dislocation model of this process,' 
the results permitting estimates of dislocation densities which 
are in accord with previous estimates. The temperature de- 
pendence of the precipitation is in accordance with an activa- 








312 SESSIONS 


tion energy of 20,000 cal./mole in the case of carbon and 
17,200 cal./mole in the case of nitrogen, in agreement with 
published data for the activation energies of diffusion of these 
elements in body-centered cubic iron. 


1A. H. Cottrell and B. Bilby, Proc. Phys. Soc. (London) Series A, 62 
(1), 49 (1949). : 


L8. Effect of Inclusions on Coercive Force of Iron. L. J. 
DijKstTRA AND C. Wert.—A theoretical study is made of the 
contribution to the coercive force H, by non-magnetic inclu- 
sions distributed at random in a ferromagnetic matrix. The 
following effects which impede the movement of the domain 
walls are examined: (1) The surface tension effect, (2) the 
effect of internal magnetic poles. It is found that H. depends 
both on the volume fraction of inclusions and their state of 
dispersion. For a given volume fraction of inclusions the 
largest effect occurs for particles whose diameter is about the 
wall thickness 6. For this diameter the contribution to H, due 
to (1) is smaller than, but comparable to that due to (2). 
Measurements of H, have been made using a dispersion in 
iron of FesC in the shape of spheres, the diameter of which 
could be varied over the desired range. The maximum effect 
on H, is found for a particle size of about 1200A, indicating 
a value of 6 of about this magnitude. This is in agreement 
with the theoretical value. For this diameter the measured 
value of H, is found to agree well with the calculated value. 


L9. New Approximation Method for Treatment of Order- 
Disorder Transitions. HuBERT M. JAMES AND LLoyp D. 
Fospick, Purdue University—The order-disorder problem of 
the square Ising array in two dimensions has been discussed 
by an extension of Bethe’s method. A 3X3 section of this array 
is considered, and account is taken of (a) the tendency of 
interaction with external atoms to induce short-range order, 
as well as long-range order, in the outer sites of this section, 
and (b) the differing control of long-range order exerted by 
this interaction for non-equivalent sites in the outer shell. 
The theory thus involves three parameters instead of the one 
parameter of Bethe’s theory. This more careful treatment of 
short-range order greatly improves the accuracy of the method, 
which in an elementary manner yields results comparable to 
those of Kramers and Wannier, and much superior to those of 
other approximation methods. The predicted Curie point is 
some seven percent higher than the exact value. The short- 
range order is in good agreement with the exact results of 
Onsager for all temperatures, with maximum error around the 
Curie point. The theory predicts a specific heat varying like 
(T—T-.)~* as T approaches the Curie temperature 7, from 
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below, whereas other approximation methods predict finite 
values; Onsager’s exact result varies as —log| T—T-|. 


L10. On the Mechanism of Heat Transfer from a Solid to 
a Gas. H. B. Wantin AND CuHarRLes D. HENDRICKs, JR., 
University of Wisconsin (Presented by Mr. HENDRICKS).— 
When a palladium filament is heated in hydrogen to a fixed 
temperature it is found that the energy input necessary to 
maintain the temperature is independent of the pressure down 
to a pressure of about 4 cm or less. If helium is substituted for 
the hydrogen the energy input increases with increasing pres- 
sure at least up to 20 cm which is about the limiting upper 
pressure which can be used without convection effects setting 
in. Nitrogen and air also show a similar pressure dependence. 
When nickel was substituted for palladium the same general 
effect was observed. This suggests that the heat loss is deter- 
mined by the condensed layer on the metal, and in the case of 
hydrogen a stable layer is established which is independent 
of the pressure above 4 cm. In helium, nitrogen, and air this 
is not the case. 


L11. Ferromagnetic Resonance Measurements on Stressed 
Thin Nickel Films. J. Ross MACDONALD,* Oxford University. 
—Previous measurements by Griffiths and Standley! on thin 
annealed nickel films at wave-lengths of 1.23 and 3.04 cm 
showed the possibility of considerable dependence of the Landé 
g-factor upon film thickness. Present measurements indicate 
these results were largely caused by thickness-dependent 
isotropic plane tension. Measurements were made at 1.25 cm 
on nickel films from 0.05 to 3 microns thick evaporated on 
mica. Resonance observations on both sides of the films 
showed the resonance magnetic field, Ho", could be as much 
as 900 oersteds larger on the film side first evaporated on mica 
and still attached to it than on the free side, for films thicker 
than 0.3 micron. When a modified resonance condition: 

4 

ho = gus} [H+ (4200422) Hs} accounting for isotropic 
0 

plane stress, To, was used in conjunction with a 7» value 
calculated from differential contraction between nickel and 
mica on cooling after evaporation, g-values found for the two 
sides, with no stress correction applied to the free side, were 
both very nearly equal to the bulk-nickel g-value. Finally, 
peeling films free from the mica reduced the initial resonance 
field difference between the two sides to zero, eliminating the 
possibility that difference was partly due to magnetocrystal- 
line anisotropy and preferred crystalline orientation. 

om, Rhodes Scholar; now at the Armour Research Foundation, Chicago, 
itd H E. Griffiths, Oxford Conference on Microwave Spectroscopy, July, 


SATURDAY MorRNING AT 9:30 
Kent Theatre 


(J. D. Ferry presiding) 


Symposium of the Division of High-Polymer Physics 
Solidification and Crystallization in Polymers 


M1. Introductory Remarks on Polymerization. J. D. Ferry, University of Wisconsin. (20 min.) 

M2. Formation of Solids by Vitrification. J. R. VAN WAZER, Monsanto Chemical Company. (30 min.) 

M3. Experimental Methods for Determining the Extent of Crystallization in Polymers. I. Fan- 
KUCHEN AND H. Mark, Polytechnic Institute of Brooklyn. (40 min.) 

M4. Effect of Polycrystalline Texture on Properties of Crystalline Polymers: Role of Nucleation 
in the Crystallization Process. TURNER ALFREY, JR., Dow Chemical Company. (40 min.) 
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SATURDAY MorNING AT 9:30 
Mandel Hall 
(W. C. SHEPHERD presiding) 


Symposium of the Division of Electron Physics 
N1. Principles Involved in the Performance and Design of Betatrons. D. W. Kerst, University 


of Illinois. (30 min.) 


N2. Electron Counting: A New Low-Current Measuring Technique. A. S. EIs—ENsTEIN, University 


of Missouri. (30 min.) 


N3. Optical and Thermal Electronic Processes in Barium Oxide. R. L. Sproutt, Cornell Uni- 


versity. (30 min.) 


N4. Induced Conduction in Diamond. G. C. DANIELSON, Jowa State College. (30 min.) 


SATURDAY MorNING AT 10:00 


Rosenwald 2. 


(MARCEL SCHEIN presiding) 


Artificial and Natural Mesons: Cosmic Rays 


Pi. Energy and Angular Distribution of x-Mesons Pro- 
duced by Gamma-Rays from the 340-Mev Synchrotron.* 
B. T. Fetp, J. S. Crark, D. H. Friscn, I. L. LeBow, anp 
L. S. Osporne, Massachusetts Institute of Technology.— 
Targets of CH2, CD2, and C were simultaneously exposed to 
gamma-rays from the synchrotron. Mesons are detected in 
Eastman NTB (200u-) emulsions, embedded in aluminum. 
Plates were placed at 45°, 90°, and 135° to the beam, two per 
angle, adjacent to each target. All mesons stopping in the 
emulsion are recorded. The meson energy is determined from 
the thickness of material traversed. Positive x-mesons undergo 
x-u-decay ; negatives produce stars (except for a known frac- 
tion).! The plates cover, in six energy intervals, the range 
28-70 Mev. Corrections are applied for the different solid 
angle subtended by each interval. 4-500 mesons are recorded 
per plate. The data from the C-target are used to obtain (by 
subtraction) the distributions from H and D. The carbon 
spectrum is flat over the energy interval covered. Negative to 
positive ratio shows slight increase with energy, with values 
in fair agreement with pseudoscalar theory. These results 
agree, in general, with latest published Berkeley data. 


* Assisted by the joint program of the AEC and ONR. 
1 Adelman and Jones, Phys. Rev. 75, 1468 (1949), 


P2. The Relative Yield of 20-Mev x*-Mesons from Seven 
Elements. DonaLp CLARK, University of Rochester.—A pre- 
liminary measurement has been made of the relative yields of 
20-Mev x*t-mesons from seven targets bombarded by the 240- 
Mev proton beam of the Rochester cyclotron. The mesons 
emitted at 150°-+15° are focused by the magnetic shim of the 
cyclotron fringing field and detected outside of the cyloctron 
chamber by a telescope of four scintillation counters. The meson 
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trajectories are defined by a channel in a brass shield and the 
range by an adjustable absorber placed between the second 
and the third crystals. Counts correspond to mesons stopping 
in the third crystal, the first three crystals being in coincidence 
and the fourth in anticoincidence. 

Corrections are made for the background. The yield per 
nucleus is a smooth function of A. This work was supported 
by the joint program of the ONR and AEC. 


P3. Evidence for the Multiple Production of Mesons in a 
Single Nucleon-Nucleon Collision.* Marcet Scuetn, J. J. 
LorD, AND JOSEPH FAINBERG, University of Chicago.—Evi- 
dence has been obtained for the multiple production of mesons 
in a single nucleon-nucleon collision in a photographic emul- 
sion exposed to the cosmic radiation at an altitude of 95,000 
ft. The nuclear encounter in which the mesons were created 
was produced by a primary proton of 3X10" ev energy. 
Directly in line with the incident proton, 7 particles of mini- 
mum ionization were emitted in a central core with an angular 
divergence of 0.003 radian. In addition, 8 other minimum 
ionization particles were emitted in a wider diffuse cone of 
0.13 radian angular divergence. Most of the particles in the 
central core had energies in excess of 250 Bev, while those in 
the diffuse cone were of much lower energies as determined 
by small angle scattering measurements. Both the angular 
and the energy distribution of the emitted particles is in good 
agreement with the assumption that in the center-of-mass 
system the mesons are emitted in two distinct cones of angular 
width of about 30° forward and backward with reference to 
the direction of the primary proton. The average multiplicity 
of 15 agrees with the recent calculation by Fermi, and accord- 
ing to his prediction about one-half of the particles could be 
made up of nucleon-antinucleon pairs. 

* Assisted by the joint program of ONR and AEC. 


P4. Photons Emitted in the Capture of y~-Mesons. E. P. 
Hincks, Chalk River Laboratery.—G-M counters and coinci- 
dence circuits are used to detect photons with energies ~1-10 
Mev emitted when u~-mesons are stopped in various absorbers. 
The counter arrangement, which is surrounded by 3 in. lead, 
is, top to bottom: tray A; 90 g/cm? lead; tray B; meson ab- 
sorber; tray C; 10 g/cm? lead; tray D; 10 g/cm? lead; tray E. 
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A meson traversing A and B ahd stopping in the absorber with 
the emission of a photon that is detected by the lead-covered 
tray D (or E) gives the anticoincidence (ABD—C—E) (or 
(ABE—C—D)). With increasing thicknesses of lead absorber 
the rate (ABD—C—E)+(ABE-—C-—D) shows a regular in- 
crease not associated with either the stopping or decay of 
positive mesons. No increase is observed with aluminum ab- 
sorbers. The effect is attributed to photons from the atomic 
and nuclear capture of negative mesons. From the observed 
rates the average total energy emitted in y-rays is estimated 
as about 9 Mev per negative meson stopped in lead. Results 
will be given for several elements. They are consistent with the 
observations of Chang,' and with the absence of high energy 
photons noted by Piccioni.* 

*W. Y. Chang, Rev. Mod. Phys. 21, 166 (1949); 


Symposium, Office of Naval Research, November, 194 
20. Piccioni, Phys. Rev. 74, 1754 (1948). 


Proc. Echo Lake 


PS. Multiple Events Produced by High Energy Cosmic 
Rays in Liquid Hydrogen at 90,000 Feet.* MAarceL SCHEIN 
AND M. VIDALE, University of Chicago.—A counter experi- 
ment has been carried out to study the production of mesons 
in high energy proton-proton collisions. The apparatus was 
flown from Chicago on September 6, 1950 with a General 
Mills balloon. It reached an altitude of 90,000 feet and floated 
at that height for 44 hours. A spherical metal Dewar flask 
30 cm in diameter was filled with liquid hydrogen which was 
obtained through the courtesy of Dr. Earl A. Long of the 
Institute for the Study of Metals of the University of Chicago. 
Above the hydrogen, four crossed trays of counters were 
mounted in order to determine accurately the direction of the 
particles incident upon the hydrogen. Below the Dewar flask 
extended trays of counters detected raultiple events occurring 
in the hydrogen. The discharge of each individual counter was 
in coincidence with a fourfold master pulse and was registered 
separately on a moving photographic film. The results of this 
experiment will be discussed. 

* Assisted by the joint program of the ONR and AEC. 


P6. High Energy Cosmic-Ray Stars. FRANK B. McDona_p, 
University of Minnesota.—A study has been made using nu- 
clear emulsions exposed at 18 grams residual atmosphere, 
geomagnetic latitude 55°N, of cosmic-ray stars with three or 
more shower particles (apparent emitted tracks with ionization 
ranging from minimum to 1.5 min.). It was found that most 
events of this type were induced by single or double charged 
particles assumed to be protons and alpha-particles but with 
some of the lower energy events being induced by neutral 
radiation. The ratio of proton/alpha-induced events is in 
agreement with the ratio of proton/alpha-primary flux as re- 
ported by various workers.'~* Zenith angle distribution of the 
initiating track has been obtained, and calculated mean free 
paths will be given. The approximate zenith angle distribution 
of the neutral star-inducing radiation has been obtained by 
assuming that the shower axis preserves the direction of the 
incident particle. The angular distribution of the minimum 
ionization tracks with respect to the shower axes has been 
measured, and comparisons with existing meson theories will 
be given. 

ey Lofgren, Ney, and Oppenheimer, Phys. Rev. 74, 1818 aaa 


A. Pomerantz and F. L. go; Phys. Rev. 76, 997 (1949 
3 Br adt and Peters, Phys. Rev. 77, 54 (1950). 


P7. Altitude and Latitude Variation of Star Production.* 
J. J. Lorp (Introduced by Marcet ScHEIN), University of 
Chicago.—The variation with altitude of the rate of produc- 
tion of stars in photographic plates was measured from moun- 
tain elevations to 94,000 feet at geomagnetic latitude A ~“54°N. 
The type of particle initiating each star was determined and 
showed that the total flux of star producing protons decreased 
rapidly from 94,000 feet to 11,500 feet and was compatible 
with an absorption mean free path (m.f.p.) of 145 g/cm*. The 
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total flux of star-producing neutrons showed a maximum near 
70,000 feet and then dcereased with altitude with an absorp- 
tion mean free path of 170 g/cm’. Similar altitude dependence 
measurements were made at \ <~28°N and showed that the 
rate of production by neutrons of stars of 3 to 9 prongs at 
94,000 feet was 0.19 of the corresponding value at \ ~~54°. 
This demonstrates that 81 percent of the small stars must be 
due to the primary protons in the energy interval given by the 
geomagnetic cut-off at \ 54° and A 28° (1 to 8 Bev for 
protons and for a-particles and heavy nuclei 0.35 to 3.5 Bev 
per nucleon). The total flux of star-producing protons varies 
by a factor of 3.0 between these two latitudes at 94,000 feet 
and shows that 67 percent of the proton initiated stars are due 
to primary particles of energies given above. 


* Assisted by the joint program of the ONR and AEC. 


P8. Diurnal Variation of Heavy Nuclei in the Cosmic 
Radiation.* J. Litwin, J. J. Lorp, AND MarceEL ScHEIN, 
University of Chicago.—Measurements of the flux of heavy 
nuclei have been made from photographic plates exposed by 
a free balloon at an elevation of 94,000 feet at geomagnetic 
latitude 55°N. Two groups of Ilford GS plates were exposed 
in a vertical position. Both groups of plates reached an eleva- 
tion over 90,000 feet at 7:50 P.M., May 22, 1950 and the first 
group (1) was released by parachute at 5:45 A.M. the next 
day. The second group of plates (2) was then released at 12:10 
P.M. the same day. The balloon was kept at an almost con- 
stant ceiling altitude by a ballast release mechanism and a 
temperature compensated barometer gave pressure readings 
accurate to 1 mb. The flux of heavy nuclei at night was deter- 
mined from the plates of group (1) and the flux during the day 
from the difference between the intensity of tracks on the 
plates of groups (2) and (1). It was found that the ratio be- 
tween the flux of heavy nculei during the day to that at night 
was 2.5+.3 for all heavy nuclei of Z ~~10 to Z ~26. Data will 
be given regarding the fiux of heavy nuclei with Z less than 10. 


* Assisted by the joint program of the ONR and AEC. 


P9. Rates of Star Formation and the Flux of Primary 
Heavy Nuclei During the Solar Flare of August 2, 1950. 
Joun E. NAUGLE AND GEORGE W. ANDERSON, JR., University 
of Minnesota.—The flux of primary nuclei with charge >10 
and star formation rates during the solar flare of August 2, 
1950, were measured by means of Ilford G-5 photographic 
emulsions. The exposure was of 3 hours duration at an average 
depth in the atmosphere of 16 g/cm*. Comparison of the flux 
of heavy nuclei with previous data! showed no differences 
attributable to the flare. Significant increases were observed 
in the rates of production of some types of stars. Control data 
was obtained from a closely similar flight during a period of 
normal solar activity.2 The prong spectrum and the relative 
number of stars initiated by neutral and charged radiation will 
be discussed. Similar effects were observed following the solar 
flare of May 10, 1949, by other workers.’ 

1 P, S. Freier, thesis, 1950, University of Minnesota. 


2 J. E. Naugle, thesis, 1950, University of Minnesota. 
+ Lord, Elston, and Marcel Schein, Phys. Rev. 79, 540 (1950). 


P10. Measurements on Relativistic Cosmic-Ray Particles 
with Photographic Emulsions. L. Voyvopic anp E. Pickup, 
National Research Council, Ottawa.—Relativistic cosmic-ray 
particles (observed in Ilford G5 emulsions which had been ex- 
posed for several hours at about 85,000 feet) have been 
analyzed by measurements on the grain density and multiple 
Coulomb scattering, using the scattering method developed 
at Bristol by Fowler.! Preliminary results will be given for 
the production spectra of charged and neutral mesons at this 
altitude. Some evidence has been found for a relativistic in- 
crease in grain density of about 10 percent above the mini- 
mum, which appears to be in qualitative agreement with ioni- 
zation loss theories when polarization effects are taken into 








SESSIONS P AND Q 


account. The accuracy of energy determinations from multiple 
scattering measurements has been improved by a new calibra- 
tion using electron pairs formed by the 17.6-Mev y-ray from 
protons on lithium. 

! P. H. Fowler, Phil. Mag. 41, 169 (1950). 


P11. An Experimental Attempt to Detect the Dirac Mag- 
netic Monopole. WiLLEM V. R. Matkus, University of Chi- 
cago.—Dirac* has shown that the charge of a magnetic mono- 
pole compatible with quantum mechanics must be an integral 
multiple of (137/2)e e.m.u. If this monopole is created by 
cosmic radiation in the atmosphere it would quickly reach 
terminal velocity in the earth’s field due to its large and veloc- 
ity-independent energy loss. A solenoid directed along the 
local field lines in an exposed place is used to accelerate any 
such particle to five hundred Mev. A nuclear emuslion is 
placed below the solenoid to record the heavy tracks any 
monopoles would leave. The negative results of this experiment 
are interpreted as setting an upper limit on the arrival rate of 
monopoles at the surface of the earth of 10-'° per cm? per sec., 
corresponding to a maximum cross section for their production 
by primary cosmic-ray protons of 3X 10-* cm‘. 


* P. A. M. Dirac, Phys. Rev. 74, 817 (1948). 
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P12. The Intensity of the Soft and of the Hard Component 
of the Cosmic Radiation at Geomagnetic Latitudes of 28°N 
and 55°N.* M. VipALE AND MarceL ScueEIn, University of 
Chicago.—Two sets of identical counter telescopes have been 
flown with General Mills balloons at geomagnetic latitudes of 
28°N and 55°N. The first flight was launched on November 
19, 1949 from the deck of an aircraft carrier of the U. S. Navy. 
The equipment landed in the ocean and was prompty re- 
covered by helicopter. The second one was launched from 
Minneapolis, Minnesota on June 5, 1950. Both flights had a 
relatively slow rate of rise and floated at the maximum alti- 
tude for several hours. The intensity of the hard component 
(capable of traversing 12 cm of lead) and of the total flux of 
the cosmic radiation was measured as a function of altitude. 
Three counters below 12 cm of lead registered the production 
of penetrating showers. The intensity of the hard component 
shows a flat maximum at an atmospheric pressure of 9 cm Hg 
at 28°N geomagnetic latitude and a maximum at about 3 cm 
Hg for 55°N. Comparison of the results obtained at the two 
latitudes gives, at a pressure of 1.6 cm Hg, a latitude effect of 
3.85 for the total vertical flux, of 2.75 for the hard component 
and of 1.5 for penetrating showers. 


* Assisted by the joint program of the ONR and AEC. 
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Reactions of Transmutation, Tritium Through Aluminium 


Ql. The a-Particle Energy Distribution from the 7+T7 Re- 
action. K. W. ALLEN, E. ALmogvist, J. T. DEWAN, AND T. P. 
Pepper, Chalk River Laboratory.—A preliminary study of the 
energy distribution of the a-particles from the reaction T+T 
==a+2n-+11.4 Mev has already been reported.' The yield of 
this reaction for 240 kev triton bombarding energy is very 
small and considerable difficulty was experienced in studying 
the upper end of the a-particle spectrum due to the presence of 
3.5 Mev T+D a-particles from deuterium contamination on 
the target. It has now been found that a layer of titanium 
evaporated on to molybdenum backing and maintained at 
400°C gives very little D contamination while providing suffi- 
cient yield for a detailed study of the 7+T a-particles with a 
thin window proportional counter and pulse analyzer. These 
measurements, combined with magnetic analysis data previ- 
ously obtained, give the shape of the 7+ T a-particle spectrum 
over the range 0.7 to 3.8 Mev. The distribution has a broad 
maximum at about 2.9 Mev. The intensity of an a-particle 
group which would correspond to the formation of a dineutron 
with lifetime >3X10-* sec. is less than 1 percent of the 
continuum. 


; = Almgvist, Dewan, Pepper and Sanders, Phys. Rev. 79, 209(A) 
1 . 


Q2. A Precise Determination of the Reaction Energies of 
Light Elements.* E. N. Strait, D. M. VAN PatTeER, A. SPER- 
DUTO, AND W. W. BuECHNER, Massachusetts Institute of Tech- 
nology.—Measurements have been made of the reaction en- 
ergies of more than thirty ground-state transitions induced by 


proton and deuteron bombardment of light elements. The re- 
actions studied include the (d, p), (d, a), and (p, a) reactions, 
and the individual Q-values have been determined to pre- 
cisions that are between 4 and 14 kev. A total of sixteen stable 
nuclei from lithium through sulfur were used as targets. The 
reaction products were analyzed by means of 180-degree 
focusing in the field of a large annular magnet. In these meas- 
urements, careful consideration has been given to possible 
sources of error, such as the effects of geometry and of surface 
contaminants. Several of these reaction eneriges are of par- 
ticular importance for establishing accurate mass values. 
These include the O'*(d, a)N™, C¥(d, a)B", and Li’(p, aja 
reactions, the Q-values for which are 3.112+0.006, 5.160 
+0.010, and 17.340+0.014 Mev, respectively. 


* This work has been assisted by the joint program of the ONR and AEC. 


Q3. Disintegration of Lithium by Tritons. T. P. Perrer, 
K. W. Aten, E. A-mgvist, AND J. T. DewAn, Chalk River 
Laboratory.—The 250 kv accelerator is being used to study the 
disintegration of the lithium isotopes by tritons. The mass 3 
component of the ion beam, normally containing about 30 
percent tritons, bombards targets of *LiF or "Li;SO, and the 
energies of the disintegration products emitted at 90° to the 
beam are measured either by magnetic analysis or by means 
of a thin window proportional counter and pulse analyzer. 
With Li? the following reactions have been observed: 


Li?+T =2a+2n+8.79 Mev (1) 
= He*+a+9.75 Mev (2) 


| 
& 
‘ 
= 
2 
$ 
by 
k 
: 
ee 








316 


Two groups of a-particles corresponding to the formation of 
He in the ground state and in an excited state 2.0 Mev above 
ground appear superposed on a continuous background of 
a-particles from (1). The intensity of the a-group from He® is 
about five times greater than that from the ground state. The 
yield of reaction (2) is considerably less than that of (1). In 
the disintegration of Li*, three reactions have so far been 
observed. 


Lit+T =2a+n+16.03 Mev 
=Li?7+D+0.98 Mev 
=He'+a+15.2 Mev 


The 3-body disintegration has the largest yield. 


Q4. Simple Capture of Alpha-Particles. Bert J. Topret,t 
Paut A. Roys, AND W. E. BENNETT, Jilinois Institute of Tech- 
nology.—Gamma-rays have been observed from the simple 
capture of alpha-particles in lithium. The gamma-ray energies 
were too large, up to seven Mev, for simple capture in Li, 
but not inconsistent with the reaction Li’(a, y)B". Three 
resonances were observed at bombarding energies of 0.401, 
0.819, and 0.958 Mev. The corresponding excited states in 
B" are at 8.90, 9.16, and 9.25 Mev. The yields were too small 
to use thin targets, but the resonances appeared as steps in 
the thick target yield curve. The slope of the steps was in- 
strumental for the first two resonances and suggested a width 
of about 6 kev for the upper resonance. The thick target count- 
ing rates above the steps were compared with the counting 
rate from simple capture of protons in a thick lithium target 
at 0.54 Mev, the ratios being 0.9, 9, and 60x 10-*. Among the 
other light elements, only Be and B yielded gamma-rays when 
bombarded by 1.4 Mev alpha-particles, but in these cases the 
sharp resonances characteristic of simple capture were absent. 


+t AEC Predoctoral Fellow. 


Q5. Search for Be’ States Using the Li* Technique. GEorGE 
R. Keepin, Jr.,* University of California, Berkeley.—In Be’, 
the mirrored counterpart of the single 480 kev excited state 
in Li’ is well established at 429415 kev. However, two addi- 
tional levels in Be’ have been reported' in spectrum studies on 
neutrons from LiCl and LiF bombarded with 5.1 Mev (cyclo- 
tron) protons. Subsequently others using similar techniques 
at lower E, have not found such levels. We have employed the 
Li® technique? to measure Li’(p, m)Be? neutron spectra in an 
extended search for any additional levels in Be’. The possi- 
bility of a proton energy threshold for excitation of these 
additional levels led us to extend E, from 3.00 Mev up to 
4.35 Mev. Approximately 10,000 disintegrations have been 
measured ; an average value of 4334-26 kev for the level ex- 
citation in Be’ is obtained. Though some of the data (to be 
presented) suggests a level intermediate between 433 kev and 
the ground state, no corresponding group was considered suffi- 
ciently resolved to be so identified with certainty. Applying a 
tentative cross-section correction, no group other than the 
known level is observed with more than 15 percent of ground 
state intensity. 

* Now at University of Minnesota, Minneapolis, ee 

1 J. Grosskreutz and K. Mather, Phys. Rev. 77, 5 

2G. Keepin, Jr. and J. Roberts, Rev. Sci. Inst. oa rey (1980). G. Keepin, 
Jr., UCRL 790 (1950). 


Q6. An Experimental Determination of the Half-Life of 
Be*. C. H. Mitiar anp A. G. W. Cameron, Chalk River 
Laboratory.—An Ilford type E1, 100 micron, nuclear research 
emulsion was exposed under paraffin and cadmium to 240 
roentgens of y-rays from the University of Saskatchewan 
betatron operating at 26.7 Mev. In a study of 12 cm* of this 
plate, 303 4-pronged a-particle stars from the photo-disin- 
tegration of O'* were found. Upon analysis, 119 stars were 
identified as having Be* as an intermediate disintegration 
product, and 27 of these showed a measurable displacement of 
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the Be* nucleus prior to its break-up into two a-particles. 
From a consideration of these statistics and the conditions of 
observation a value of the half-life of Be® of (5.31.1) x 10-“ 


sec. was obtained. 


Q7. Angular Distribution of Neutrons from Be*(p, n)B*, 
H. T. RicHarps, M. J. W. LauBenstern, V. R. JOHNSON, 
F. AJZENBERG, AND C. P. Browne, University of Wisconsin.— 
Protons from the Wisconsin electrostatic generator, after 
passing through a cylindrical electrostatic energy analyzer, 
were used to bombard a thin beryllium foil. Neutrons were 
detected by a shielded energy insensitive long counter one 
meter from the target. The neutron yield has been studied 
both as a function of angle (0° to 150° in the laboratory co- 
ordinates) and as a function of proton energy (threshold 
E,=2.059 Mev to E,=4 Mev). The neutron yield after con- 
version to center of mass coordinates is isotropic only very 
close to threshold. In the vicinity of the known resonance at 
Ey~2.5 Mev the neutron yield shows maxima at 0° and 135° 
(c.m. coordinates). For 2.75<£,<3.4 Mev, the neutron cross 
section shows a single maximum at 115°. Above 3.4 Mev the 
yield at 0° and 135° increases rapidly as though another 
resonance is being approached. Absolute cross-section meas- 
urements will be reported. 


* Work supported by the AEC and by the Wisconsin Alumni Research 
Foundation. 


Q8. Energy Levels of B".* Fay AJZENBERG, University of 
Wisconsin.—A 50-kv foil of Be was bombarded by 3.436 Mev 
deuterons. The neutron spectrum was observed by means of 
nuclear emulsions placed at 10 cm from the target, and at 
angles of 0° and 80° to the beam. Almost 3000 tracks have 
been measured. Strong evidence is found for levels of B'® at 
0.73, 3.61, 4.78, 5.13, 5.91, and 6.11 Mev, assuming Q=4.35 
Mev for the Be*(d, )B'® reaction. It is probable that levels 
also exist at 5.57, 5.68, 6.33, 6.57, and 6.80 Mev. The in- 
tensity and width of the neutron group corresponding to a 
level at 5.13 Mev indicate possible multiplicity. Similar evi- 
dence points to a doublet at 6.11 Mev. The 0° data, statistic- 
ally poor for high neutron energies, indicates multiplicity in 
the region of the previously reported level at 2.18 Mev.! This 
is confirmed by the 80° data which shows two distinct neutron 
groups corresponding to B,=1.82 and 2.24 Mev. No neutron 
groups corresponding to levels at 1.46 and 2.89 Mev were 
found. This result is in disagreement with the equally-spaced 
levels, harmonic oscillator picture of B'*.! 

* Work supported by the AEC and the Wisconsin Alumni Research 


Foundation. 
1 Rasmussen, Hornyak, and Lauritsen, Phys. Rev. 76, 581 (1949). 


Q9. Excited States of C" and C".* Vircm R. JoHNson, 
University of Wisconsin.—Thin (100 kev) targets of B' and 
ordinary boron on tantalum backings were bombarded with 
monoenergetic deuterons of 3.44 Mev and 3.69 Mev energy. 
Eastman NTA 200 micron nuclear emulsion plates were 
mounted 10 cm from the target at 0° and at 80° with respect 
to the incident beam. Altogether about 3000 tracks have been 
measured. The neutron groups definitely assigned to the 
B'°(d, n)C" reaction give energy levels in C™ at 1.9 Mev, 
4.3 Mev, 4.85 Mev, 6.48 Mev, 6.83 Mev, 8.45 Mev, and 8.70 
Mev. Other much weaker intensity groups are observed whose 
assignment is still uncertain. The work on the B"(d, )C* 
reaction shows well-defined groups corresponding to C"* levels 
at 15.14 Mev, 15.59 Mev, and 16.12 Mev and much broader 
poorly defined groups giving a C" excitation of 4.6 Mev, 7.3 
Mev, 9.7 Mev, 10.4 Mev, and 11.9 Mev. There are also other 
possible unresolved levels in C between 12 Mev and 15 Mev 
excitation. 


* Work supported by the AEC and the Wisconsin Alumni Research 
Foundation. 

















Q10. Energy Levels in C” from Be*(a,n)C". James H. 
ROBERTS AND WILLIAM H. Guter, Northwestern University.— 
The neutron energy spectrum from the Be*(a, n)C" reaction 
using a thin Po alpha-source and then Be target was measured 
by the proton recoil method in Kodak NTA nuclear emulsions. 
The target was 0.25 mg/cm? thick. Photographic plates were 
mounted about 10 cm from the target in the forward, back- 
ward and 90° positions. To date 308 acceptable tracks have 
been measured in the forward direction and 321 tracks in the 
backward direction. Four neutron groups were found and were 
labeled A, B, C and D. Group A corresponds to a transition to 
the ground state in C"*. The Q of the reaction for transition to 
the ground state used was 5.76 Mev. Table I gives the results 
of the experiment. EZ, is neutron energy and « is the energy in 
C" above the ground state. 


Taswz I. 











Group Forward direction Backward direction 
En Q « En Q € 

A _ _— _— 7.37 5.80 —.04+.2 

B 6.30 1.37 44+.2 3.70 1.44 4.3 +.2 
Cc 3.30 —1,34 7.12.4 _ _ - 
D 35 —2.16 79+.6 -_ _ -_- 








Q1l1. Interaction of Fast Neutrons with Nitrogen.* C. H. 
JouHNson AND H. H. BarscHai, University of Wisconsin.— 
Using the method previous described,' cross sections for the 
N*(n, p)C* and N"(n, a)B" reactions were determined for 
neutron energies from 150 to 2100 kev. Neutrons from the 
Li’(p, m) Be’ reaction entered a nitrogen-filled ionization cham- 
ber whose axis was at 30° to the proton beam. A “long 
counter,”’ also at 30°, monitored the neutron flux. Disintegra- 
tions in the ion chamber were counted by observing pulses 
larger than biases set in accordance with pulse height dis- 


R1. Energy Levels of Si** Excited by Alphas on Mg™.*t 
S. G. KaurmMann, F. P. Moorinc, L. J. Koester, AND 
E. GoLpBerG, University of Wisconsin.—Energy levels of 
Si** have been studied at this laboratory by means of the bom- 
bardment of Al?’ by protons."? When analysis of the results 
proved ambiguous, it was thought that alphas on Mg™ would 
offer a simpler approach to the problem. Alphas particles pro- 
duced by the Wisconsin electrostatic generator were used to 
bombard thin Mg™F; targets evaporated onto spectroscopic- 
ally pure graphite backings. The reaction products separated 
by a 90° magnetic analyzer were observed at a laboratory 
angle of 164°+5°. Excitation curves for the reaction 
Mg*™(a, a)Mg™ and Mg™(a, p)Al*? have been obtained. The 
Mg*™(a, p)Al?? and the Al*’(p, «)Mg™ yield curves? show an 
excellent correspondence in structure. A preliminary Q-value 
of —1.62 Mev for the reaction Mg™(a, »)Al*? has been ob- 
tained. 


* Work supported by the AEC and the Wisconsin Alumni Research 
Foundation. 


+ Mg™ was produced by the Y-12 Plant, Carbide and Carbon Chemicals 
Co ration, on allocation Lf the Isotopes Division of the AEC. 
nder, Shoemaker, Kau’ 
eiiecmaben Faulkner, Kaufmann, Bouricius and Mooring 
lished). 


mann, Bouricius, Phys, Rev. 76, 273 (1949). 
(to be pub- 
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tributions found using a differential discriminator. Resonances 
were observed in the (m, p) reaction at 500, 640, 995 and 1415 
kev; and in the (, a) reaction at 1415 and 1800 kev. The 
same resonances produced by the second neutron group from 
the Li’(p, m)Be’ reaction indicate that the excited state of 
Be’ lies 43145 kev above the ground state and that the in- 
tensity of neutrons relative to the main group of neutrons at 
30° is 9, 10, and 12 percent at proton energies of 2.75, 2.89, 
and 3.66 Mev, respectively. 

* Work supported by the AEC and the Wisconsin Alumni Research 


nee. 
. Barschall and M. E. Battat, Phys. Rev. 70, 245 (1946). 


Qi2. Energy Level at 31 kev in Al* from Al*"(d, p)Al** 
Reaction.* H. Ence,** D. M. Van Patter, W. W. BUECHNER, 
AND A. SpeRDUTO, Massachusetts Institute of Technology.— 
The Al*"(d, p)Al** and Al*"(d, a)Mg** reactions have been 
studied by bombarding thin aluminum targets with 1.2-, 
and 1.8-Mev deuterons. Protons emerging at 90 degrees with 
the incident beam were analyzed in a 180-degree single focus- 
ing magnetic spectrometer using nuclear-track plates as re- 
corders. The proton group in the expected position for the 
Al** ground state appeared to be double. Two alpha-particle 
groups from Al*"(d, a)Mg** were observed on the same plates, 
and each was single within the present resolution of the ap- 
paratus. The high-energy member of the proton doublet was 
assigned to the ground state of Al** with a measured Q = 5.494 
+0.010 Mev. The low-energy member was assigned to an ex- 
cited state at 31.2+2.0 kev with a relative yield of 55 percent 
of the ground-state yield. The possibility that contaminants 
in the target produced one of the proton peaks was ruled out 
by voltage shift and by test runs on magnesium and silicon 
targets. The relative-yield figure does not change appreciably 
with changes in the bombarding energy from 1.2 to 1.8 Mev. 


* This work has been assisted by the joint program of the ONR and AEC 
** On leave of absence from the University of Bergen, Bergen, Norway 






R2. Magnetic Analysis of the P*"(d, w)Si** and Si**(d, p)Si** 
Reactions.* P. M. Enpt,** D. M. Van Patter, AND W. W. 
BUECHNER, Massachusetts Institute of Technology.—The Q- 
values of eight hitherto unobserved alpha-particle groups due 
to the P®(d, a)Si** reaction, corresponding to the ground state 
and to seven excited states of Si*®, have been determined with 
a magnetic spectrometer by bombardment of a thin zinc- 
phosphate target with 1.8-Mev deuterons. These Q-values, 
accurate to about 20 kev, are: 8.170; 6.884; 6.126; 5.727; 
5.086; 4.539; 4.080; and 3.211 Mev. These values have not 
been corrected for possible surface contamination. The level 
scheme of Si?* was checked by bombarding a thin quartz 
target with 1.8-Mev deuterons and measuring the energies 
of seven proton groups resulting from the Si**(d, p)Si®® re- 
action. The Q-values for this reaction, accurate to about 10 
kev, are: 6.246; 4.973; 4.224; 3.820; 3.180; 2.626: and 1.312 
Mev, in reasonable agreement with the recent range measure- 
ments of Motz and Humphreys.! The positions of the excited 
states of Si*® found from the P**(d, a) and the Si**(d, p) reac- 
tions agree within 25 kev. 

* This work has been assisted by the joint program of the ONR and AEC. 


** On leave from the University of Utrecht, Hollan - 
1H. T. Motz and R. F. Humphreys, to be publ 
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R3. Preliminary Investigation of Ion Recoil Energy Follow- 
ing K-Capture Disintegration of A*’.* G. W. RoDEBACK AND 
J. S. ALLEN, University of Illinois.—Using the recently deter- 
mined A*?—Cl*? mass difference! and assuming conservation 
of momentum by a neutrino and the nucleus, the K-capture 
disintegration of A*’ should give an energy of about 10 e.v. 
to the recoil nucleus. 

An attempt to verify this by a time-of-flight measurement 
of the Cl*? ions has been made using a gaseous source of A*” 
at sufficiently low pressures. The initiating event is taken as 
the emission of an Auger electron following K-capture and is 
detected by an electron multiplier. The Cl*’ ion traverses a 
field-free distance, and after a rapid acceleration is detected 
by a second electron multiplier. Counts are made of delayed 
coincidences which are recorded simultaneously over 18 con- 
secutive time intervals by a multi-channel analyzer.* 

Present results give a peak on the coincidence-count versus 
time-delay curve which agrees as to position and spread with 
the predicted values. The additional peaks which occur at 
later times are not believed to be instrumental in nature and 
are being further investigated. The zero-time coincidences 
which occur are probably due to photons emitted by part of 
the disintegrations. 

* Assisted by the joint program of the ONR and the AE 


1H. T. Richards and R. V. Smith, Phys. Rev. 74, wad 11948). 
2 Recently developed by J. S. Allen and P. B. Smith. 


R4. Proton Bombardment of Copper. C. W. MALICH AND 
J. C. Harris,* Naval Research Laboratory.—The Naval Re- 
search Laboratory Van de Graaff has been used to bombard 
copper targets with protons ranging in energy from 1 to 2 Mev. 
A hard gamma radiation is observed. The thick target yield 
increases nearly exponentially ; no sharp resonances have been 
observed. At 2 Mev the yield is comparable to that from a 
thick aluminum target. The energy of the gamma-ray is 
estimated as roughly the same as the Al(p, y) radiation. Pre- 
liminary checks for contamination effects have disclosed no 
appreciable ones. 


* Now at Ohio State University. 


RS. The Reaction Mn**(p, n)Fe*.* J. J. G. McCuE AND 
W. M. Preston, Massachusetts Institute of Technology.— 
Protons from the Rockefeller electrostatic generator at M.I.T. 
have been used to bombard Mn**. The proton energies ranged 
from the threshold near 1.2 Mev up to 2.05 Mev with a resolu- 
tion of 4 kev, and up to 2.72 Mev with a resolution of 15 kev. 
The experiment gives information about the (p, n) resonance 
levels in the compound nucleus Fe**. Below 1.75 Mev, a num- 
ber of isolated peaks in the yield curve rise from a weak con- 
tinuum. The half-widths of these peaks are equal to the resolu- 
tion used, showing that the level widths are less than 4 kev. 
Above 1.75 Mev, the spacing of the peaks decreases abruptly 
and the individual resonances are no longer resolved from one 
another. 


* This work was partially supported by a joint program of the ONR, 
BuShips, and the A AEC. 


R6. A Method for the Study of y-f Reactions.* J. HALPERN 
AND A. K. MANN, University of Pennsyluania.—Scintillation 
counters have been applied to the detection of photo-protons 
resulting from targets bombarded by the X-ray beam of the 
University of Pennsylvania 25 Mev betatron. Each detector 
consisted of an RCA 5819 photo-tube, a silver activated ZnS 
screen supported in a vertical plane by a glass backing, and an 
hemispherical aluminum reflector containing a thin window to 
permit the entrance of photo-protons. Two counters, operated 
independently, were contained in a scattering chamber com- 
pletely shielded by 4 inches of lead, through which the col- 
limated X-ray beam passed. With this arrangement, integral 
bias curves obtained without a target show the background to 
be X-ray pile-up plus a small heavy particle component which 
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does not exceed.0.1 counts per r. Increased pile-up due to X- 
ray scattering from targeta does not interfere with the de- 
tection of heavy particles. The heavy particles resulting from 
irradiation of targets have been identified as protons by several 
methods. This apparatus is applicable to the measurement of 
—p excitation functions, angular distributions and yields. 


* Supported in part by the joint program of the ONR and AEC. 


R7. Yields of Photo-Protons from Various Elements.* A. K. 
MANN AND J. HALPERN, University of Pennsylvania.—The 
techniques described in the preceding abstract have been used 
for a study of the relative yields of photo-protons from various 
elements. Elements investigated were in the form of metal 
foils of natural isotopic composition. Foil thicknesses were 
chosen such that target absorption was approximately the 
same (5 Mev) for all targets. The experimental arrangement 
allowed targets to be irradiated successively under constant 
conditions. The data of the experiment are a series of integral 
bias curves, each curve corresponding to a given target. The 
relative yields of photo-protons are determined from a com- 
parison of the integral bias curves. Preliminary data on 
eighteen elements (Z <50) indicate that the relative yield in- 
creases by a factor of approximately 100 as Z increases from 4 
to 28, and then decreases to a value, at Z=50, about one- 
tenth that of the maximum at Z = 28. The relative yield data 
obtained in this experiment can be compared directly with the 
known data for photoneutrons. 


* Supported in part by the joint program of the ONR and AEC. 


R8. Average Photo-Neutron Resonance Energy in Cu® and 
C, H. W. Koca, J. McELHINNEY, AND J. A. CUNNINGHAM, 
National Bureau of Standards.—The absorption coefficients 
for the x-rays producing the Cu®(y, 2)Cu® and the C*(y, n)C™ 
reactions have been measured. X-rays from a 50-Mev betatron 
were confined by a lead aperture to a cone whose apex angle 
was 15 minutes. };’’ square monitors and detectors of the 
element under investigation were placed in the x-ray cone at 
146 cm and 546 cm respectively from the x-ray target. Ab- 
sorbers of lead and aluminum were placed immediately behind 
the monitor sample, so that the maximum scattering angle at 
the absorber subtended by the detector was only about 30 
minutes. The observed absorption curves were exponential 
having the following absorption coefficients: in aluminum ab- 
sorbers, r=.0220(+.0004) cm?/g for the Cu® resonance; in 
lead absorbers, 7 = .0592(+.0005) cm*/g for the Cu® resonance 
and r=.0643(+.0013) cm*/g for the C™ resonance. On the 
basis of these coefficients and the absorption curves as func- 
tions of energy in lead and aluminum supplied by Miss Gladys 
White, the average energy for the Cu® photo-neutron reson- 
ance is given as 17.2 (+.4) Mev and that for C" as 22.1 
(+1.5) Mev. The details of the experiment will be presented 
and a comparison of the results will be made with the values 
found by other methods. 


R9. Nuclear Excitation of Indium™ by Thin Target X-Rays. 
Epwin J. ScHILLINGER, Jr.,*f B. WALDMAN AND W. C. 
MiILLer, University of Notre Dame.—Energy levels in the In™® 
nucleus have been investigated over the energy range of 1.0 
Mev. to 2.3 Mev. by means of the continuous x-ray spectrum 
produced by mono-energetic electrons incident upon thin tar- 
gets. Conclusive evidence for levels at 1.08+0.02 Mev., 1.47 
+0.02 Mev., and 1.60+-0.02 Mev. has been found. The first 
two of these levels are a corroboration of the results of Miller 
and Waldman! while the third is reported for the first time. 
The isochromat theory of Guth? has been further verified from 
threshold to 1.47 Mev. Above 1.65 Mev. the evidence indi- 
cates closely spaced levels of small cross sections and/or a 
breakdown in the isochromat theory. An over-all cross section 
of about 10-* cm? has been computed for the process at 1.4 
Mev., using a gold foil of 30 mg./cm*. The investigation em- 
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ployed a magnetic deflection technique. This work was par- 
tially supported by the joint program of the ONR and AEC. 
* Now at De Paul University, Chicago, Illinois. 
t This work was performed under an AEC Predoctoral ia 


W. C. Miller rol B. Waldman, Phys. Rev. 75, 425 (1949 
th Guth, Phys. Rev. 59, 325 (1941). 


R10. X-Ray Excitation of Ag’ and Ag™*. E. J. Wottcx1,* 
B. WALDMAN, AND W. C. MILLER, University of Notre Dame.— 
X-rays, produced by electrons from the Notre Dame Electro- 
static Generator, were used to excite the separated isotopes of 
silver to their respective metastable states. The electron 
energy was varied between 0.8 Mev and 2.3 Mev. The thresh- 
olds for x-ray excitation of both Ag'®’ and Ag’®® were found to 
be below 0.80 Mev. An activation level in Ag'*? was found at 
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1.285+.018 Mev. An activation level in Ag'®* was found at 
1.210+.018 Mev. The over-all cross section (i.e., per incident 
electron on thick gold target) is of the order of 10“ cm* for 
both isotopes at 1.4 Mev. The activity of each isotope was fol- 
lowed for about seven half-lives. The half-life of Ag'®’* was 
found to be 44.0+1.0 sec. The haif-life of Ag'*** was found to 
be 40.0+1.0 sec. These measurements are in agreement with 
those of Bradt et al.' and the isotope assignment of Helm- 
holtz.2 This research was supported in part by the Joint 
Program of the ONR and AEC. The separated isotopes were 
furnished by Dr. A. C. Helmholtz, Radiation Laboratory, 
University of California. 
* AEC Predoctoral fellow. Now at University of Iowa. 


1 Bradt ef al, Helv. Phys. Acta 20, 153 (1947) 
2? Helmholz, Phys. Rev. 70, 982 (1946). 


SATURDAY AFTERNOON AT 2:00 
Eckhart 133 
(R. L. SPROULL presiding) 


Thermionic Emission and Allied Topics 


Sl. The Non-periodic Deviation from the Classical 
Schottky Effect.* E. A. Coomes ano W. B. LABERGE Uni- 
versity of Notre Dame.—The Guth-Mullin theory"? for devia- 
tions from the Schottky law for thermionic emission has satis- 
factorily accounted for observed periodic deviations.’ This 
theory also contains a monotonic term which causes the pre- 
dicted slope of the Schottky line to decrease with applied field, 
rather than remain constant as given by classical theory. At 
1500 deg. K this non-periodic deviation should be about 1.5 
percent for the reflection effect alone' and decrease to a much 
smaller value when the tunnel effect is included in the theory.? 
Accurate Schottky plots taken on polycrystalline tantalum 
filaments at 1500 deg. K seem to show deviations of this type. 
When the patch effects are taken into account, the effect is 
of the order of one percent. 
msored by U. S. Navy Bureau J ana 
1 E, Guth and C. Mullin, Phys. Rev. 59, 575 (194 


? E. Guth and C. j. Mullin, Phys. Rev. 61, 339 (1942), 
5 See e.g., R. L. E. Seifert and T. E. Phipps, Phys. Rev. 53. 493 (1938). 


S2. Schottky Deviations for Polished Tantalum.* G. B. 
Finn and W. B. LABERGE, University of Notre Dame.— 
Periodic Schottky deviations in thermionic emission from 
patchy surfaces of polished tantalum have been investigated 
for fields up to 50,000 volts/em at a temperature of about 
1500°K. The phase and amplitude of the deviations were found 
to be in substantial agreement with the theory.' The Schottky 
line showed the two changes in slope predicted by patch 
theory. Deviations were computed using the experimental 
slope appropriate to the field region. This data on polished 
tantalum is in good agreement with previous data on un- 
polished tantalum? indicating that polishing does not alter the 
phase or amplitude of the deviations from the Schottky line 
nor the occurrence of patch breaks. 
msored by the U. S. Navy Bureau of Ships. 

7 be ~ and C, J. Mullin, Phys, ‘Rev. = 575 (1941). 


Becker, Rev. Mod s. 7, 95 (1935). 
* Coomes, Munick, and LaBerge, Phys. Rev. 79, 233 (1950). 


* This work was s' 


* This work s 


$3. Schottky Deviations for Thoriated Tungsten.* E. G. 
Brock AND Fr. Houpe, University of Notre Dame.—Measure- 
ments of the thermionic emission from thoriated tungsten in 
the Schottky region have been made on a 5-mil filament with 
fields up to 150,000 volts-cm™. This filament was studied after 


being flashed to the clean state and also when contaminated 
by diffusing thorium onto the surface. The filament tempera- 
ture range was 1000°K to 1800°K for both clean and con- 
taminated conditions. Periodic deviations and patch breaks in 
the Schottky line were found which are in substantial agree- 
ment with those observed for tantalum by Coomes, Munick, 
and LaBerge. 


* This work sponsored by the U. S. Navy Bureau of Ships. 
1 Coomes, Munick, and LaBerge, Phys. Rev. 79, 233 (1950). 


S4. Thermionic Emission from a Single Crystal Copper 
Cathode.* Davin W. JUENKER, University of Notre Dame.— 
Preliminary Schottky emission data have indicated that pre- 
cise thermionic measurements on a single crystal copper 
cathode surface may be possible. A copper anode and cathode 
of identical crystal orientation were mounted with plane 
parallel surfaces 1 mm apart in a diode. The crystals were 
grown from seed by the Bridgman method. Outgassing was 
accomplished by heating to 900°C for about 100 hours, by 
means of the radiation from a tungsten filament. With measur- 
ing apparatus found satisfactory in previous Schottky devia- 
tion work,' a Schottky plot was obtained. The thermionic 
current at about 900°C was of the order of 10" amp. cm, 
which agrees well with the value computed using Anderson's 
figure for the work function.? 

* This work was sponsored by the U. S. Navy Bureau of Ships. 


! Coomes, Munick, and LaBerge, Phys. Rev. 79, 233 (1950). 
2 P. Anderson, Phys. Rev. 76, 388 (1949). 


SS. The Electrolytic Preparation of Single Crystal Copper 
Cathodes for Electron Emission Studies.* G. J. BaLpwin, 
University of Notre Dame.—Single crystal cathodes of copper 
have been prepared for photoelectric and thermionic emission 
experiments. Cylinders of single crystal copper! were mechan- 
ically processed by the standard metallurgical method to ob- 
tain plane end and side surfaces of desired crystallographic 
direction. The surfaces were electrolytically polished* in order 
to removed the disturbed mechanically polished layers. Etch- 
ing was avoided during the unsteady period at the beginning 
of the anodic polishing period by adjusting the voltage at 2 
volts at the start and maintaining that value throughout the 
run. Finally the emission surfaces were outgassed by vacuum 
heating. After each step in the preparation of the cathodes the 
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emission surfaces were examined by x-ray and photo-micro- 
graph in order to determine the effect of the process on the 
surface condition. 

* This work was sponsored by U. S. Navy Bureau of Shi 


1A. A. Petrauskas and F. Gaudry, J. App. Phys. 20, 125) 1 (1949). 
2 P. A. Jacquet, Nature 135, 1076 (1935). 


S6. Thermionic Emission Properties of Barium Sulfide.* 
W. GratripGE, University of Missouri.—Barium sulfide as a 
thermionic emitter has been investigated previously*? though 
in no quantitative manner. Specimens of BaS have been pre- 
pared by heating either the hydrosulfide or the sulfate in a 
reducing atmosphere at temperatures of 800°C and 1200°C 
respectively. Using the materials as cathodes on 1001 pure 
nickel base metal in diodes with plane parallel geometry, 
Richardson plots indicate a work function for all specimens of 
2.2 ev with A constant varying between 4150 and 0.29 depend- 
ing on the age of the specimen and the method of preparation. 
The products of evaporation from a heated barium sulfide- 
coated platinum ribbon have been examined in the mass spec- 
trometer. This study indicates the formation of some oxide 
after contact with air. The variation of material evaporated as 
a function of temperature, assuming the ionization probabili- 
ties of the sulfide and oxide to be approximately the same, 
shows the sulfide to be considerably less volatile than the oxide. 
The latent heat of vaporization of the sulfide is about 97 
kcal mole~!. : 

* Supported in part by the ONR 


10. W. Richardson, Phil. Mag. 22, 669 (19 
2G. W. Fox and F. M. Bailey, Phys. Rev. 50, "174 (1941). 


S7. Correlation of D.C. and Microsecond Pulsed Emission.* 
Frank A. Horak, University of Missouri.—D.c. and micro- 
second pulsed emissions, using plane parallel geometry diodes, 
were investigated for (BaSr)O coated cathodes on base metals 
of pure nickel, 0.2 percent Si-Ni, 4 percent Si-Ni, and 4.6 
percent W-Ni. Zero field thermionic emissions were determined 
by (1) d.c. retarding potential, (2) d.c. Schottky, and (3) 
pulsed Schottky plots. All tubes were life-tested under quies- 
cent conditions at’ 1125°K. Richardson plots were used to 
determine the work functions and the A constants. Compari- 
son was made of the characteristic emission current density 
values, jo at 650°K. This temperature is in range over which 
both d.c. and pulsed currents were measurable. This range of 
current overlapping was about one order of magnitude in 
most cases. The work function and the A constants obtained 
by the three above mentioned methods were essentially the 
same. The most active cathodes were those of the W-Ni base 
metal, and the least active were those of pure nickel and the 
0.2 percent Si-Ni. X-ray diffraction methods were used to con- 
firm the presence of an interface. A possible explanation will be 
presented for the observed dependence of emission on type of 
base metal and life in terms of interface formation. 


* Supported in part by ONR. 


S8. The Evaporation of BaO from Pt, Ta, W, Mo, and Ni.* 
L. T. A-pricu,t University of Missouri.—The material evapo- 
rated from various base metals coated with BaO and heated 
over wide ranges of temperature has been studied with a high 
resolution mass spectrometer. The results of the temperature 
variation indicate that more than 99 percent of the material 
evaporated from the BaO-Pt system is BaO and an even 
greater proportion of that evaporated from the BaO-Ta system 
is Ba. In order of decreasing Ba/BaO evaporated, the base 
metals were Ta, W, Mo, Ni, and Pt respectively. The relative 
amount of BaO evaporated was found to depend on the amount 
of low temperature aging in the first three of these. High mass 
peaks which are attributed at least in part to evaporation have 
been identified as: Ba,O**, Ba:O*, Ba.O,.*, on all metals but 
Ta, and BaMoO,*, BaWO,*, and BaTaO;* have been found 
on Mo, W, and Ta respectively. No barium compounds con- 
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taining Ni or Pt were found. Isotopic identification of these 
compounds was possible in most of the above cases. 


* Supported in part by the ONR. 
p Present address: Department of Terrestrial Magnetism, Washington, 
te 


$9. Conductivity Measurements of (BaSr)O.* J. R. Younc, 
University of Missourt.—Conductivity measurements of 
(BaSr)O on base metals of Pt, pure Ni, and Mg-Ni have been 
made at different temperatures in order to test the predictions 
of the recent Vink-Loosjes theory.' The tube design was similar 
to that used by Vink. Conductivity was determined from d.c. 
voltage-current characteristics over the temperature range 
1150°K to 260°K at different states of activity. The experi- 
mental results do not agree in the following respects with those 
reported by Vink. (1) In many cases there is no difference in 
the general shape of the V-J curves over the temperature range 
studied. (2) The low temperature break in the curve Ing vs. 1/T 
does not appear at 800°K except in low states of activity; in 
some cases it occurs as low as 550°K. (3) Corrections applied 
by assuming the low temperature (region 1) conduction 
mechanism to be in parallel with the higher temperature 
(region 2) conduction mechanism do not change the slope of 
region 2 to agree with the probable work function in many 
cases. Also this correction affects only a portion of region 2 
jntroducing still another break if applied. 


* Supported in part by ONR. 
1 Loosjes and Vink, Philips Res. Rep. p. 449, December, 1949, 


$10. Emission of Neodymium and Neodymium Oxide Ions 
from a Hot Filament Source. R. G. JOHNSON AND W. C. 
CALDWELL, Jowa State College—With Nd,O,* on a tungsten 
filament in the source of a mass spectrometer NdO*t ions may 
be detected when the filament is below 1850°C. If the tempera- 
ture is increased to 1850°C and the pressure is maintained 
below 10-* mm of mercury, Nd* ions are observed. With the 
temperature of the filament still 1850°C and the pressure in- 
creased above 10° mm of mercury NdOt ions appear; the 
relative abundance of NdO* ions to Nd* ions increases as the 
pressure increases. These effects are interpreted to mean the 
removal of either oxygen from the neodymium oxide lattice 
or adsorbed oxygen from the surface of the neodymium oxide 
under the conditions of elevated temperature and reduced 
pressure. The measurements are being extended to attempt to 
verify the Born cycle for neodymium by measuring the work 
functions for the neodymium ion,, the neutral neodymium 
atom, and the electron from neodymium oxide and by using 
the available value for the ionization potential of neodymium. 

* Dr. F. H. Spedding kindly furnished the neodymium oxide. 


S11. Experiments Relating to the Interaction of Slow 
Electrons and Surface Films of Potassium Chloride. DretRIcH 
DoBISCHEK AND HAROLD Jacoss, Evans Signal Laboratories.— 
Experimental diodes were constructed which contained a 
rotating anode, an oxide-coated cathode and a potassium 
chloride source. The ionic crystal was evaporated to the anode, 
to form an uncontaminated surface film. The film was then 
rotated in front of a previously activated oxide cathode, from 
which thermionic emission could be obtained. The potassium 
chloride film was bombarded by electrons with energies rang- 
ing between 0.5 ev to 20 ev. It was found that when electrons 
attained an energy equivalent to the heat of formation of the 
potassium chloride, decomposition of the alkali chloride oc- 
curred. This was illustrated by a sharp and characteristic 
“slumping” cathode emission at 4.5 ev. In addition, several 
smaller peaks of rising and falling cathode emission were 
measured at lower characteristic anode voltages (1.0 ev and 
2.5 ev). 


S12. Interpretation of the Interaction of Slow Electrons and 
Surface Films of Potassium Chloride. HaroLp JACOBS AND 
Dietrich DosiscHEK, Evans Signal Laboratories.—In the 
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bombardment of thin films of potassium chloride, it was found 
that at critical anode energies the electron emission from the 
cathode was affected. At the energies of about 1.0 and 2.5 ev, 
either rising emission or falling emission of a temporary nature 
was observed. At 4.5 ev, the cathode was relatively, perma- 
nently damaged with respect to its thermionic emission. By 
means of several types of calculations, it was shown that 
charges, due to trapped electrons in the surface film of potas- 
sium chloride, could enhance. or lower the current from the 
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cathode. At critical kinetic energies of the bombarding elec- 
trons, 1.0 and 2.5 ev, the electrons trapped in the potassium 
chloride could be released, resulting in a rising cathode current. 
The energies required for the release of the trapped electrons 
by bombarding electrons were found to be very near the same 
as the energies required by photons, as described by Hilsch 
and Pohl in their work on F centers and F’ centers in potassium 
chloride. It was further concluded that the electron affinity of 
the evaporated ionic crystal must be very small, i.e., <0.5 ev. 


SATURDAY AFTERNOON AT 2:00 
Kent Theatre 
(CLARENCE ZENER presiding) 


Invited Paper 
Tl. Dislocations and Lattice Defects. FREDERICK Se1tz, University of Illinois. (30 min.) 


Solids Other Than Metals 


T2. Some Optical Properties of NaCl:Pb Phosphors. JAMES 
H. ScuutMAN, Rospert J. GINTHER, AND CLIFFoRD C. KLIcx, 
Naval Research Laboratory.—Absorption and luminescence 
phenomena in NaCl:Pb phosphors have been found to be 
rather complex. Melt-grown NaCl:Pb has an asymmetrical, 
2730A-peaked absorption band. The variation of emission 
spectrum with wave-length of excitation within this band 
shows that it consists of two poorly resolved absorption bands, 
one peaking at 2730A and the other at 2900A. At low lead 
concentrations, irradiation into the first of these causes a near 
ultraviolet emission peaking at 3200A; irradiation into the 
second causes a visible emission peaking at about 4500A. At 
high lead concentrations, irradiation into the first band gives 
a second near ultraviolet emission band peaking at 3850A in 
addition to the one peaking at 3200A. Precipitated NaCl: Pb 
shows all the above phenomena, and in addition, has an excita- 
tion band peaking at 2600A, producing simultaneously a 
3300A-peaked emission and a visible emission. The NaCl: Pb 
phosphors are unstable, deteriorating after a few days at room 
temperature and more rapidly at 130°. X-irradiation of these 
phosphors destroys the above absorption and emissions, and 
gives a print-out effect due apparently to the formation of 
colloidal lead. The x-rayed material can be excited by near 
ultraviolet to give a red emission, peaking at about 6100A. 


T3. Exciton-Enhanced Photoelectric Emission from F- 
Centers in Alkali Iodides near 85°K. L. APKER AND E. Tart, 
General Electric Research Laboratory.—The frequency varia- 
tion of an exciton-enhanced photoelectric emission from F- 
centers in KI has been measured at 300°K in previous work.! 
The photoelectric yield showed a sharp peak at hy=5.66 ev, 
a point practically coincident with the first fundamental opti- 
cal absorption maximum of KI. At 85°K this absorption peak 
shifts to about 5.80 ev and becomes sharper, as shown by 
Fesefeldt; the photoelectric yield, however, then shows two 
maxima separated by a sharp minimum near the optical peak. 
Thus, it appears that the yield at first increases with increasing 
optical absorption, reaches a maximum for an absorption con- 
stant near 10° cm=, and decreases as the absorption increases 
further. An explanation may be based on a hypothesis used by 
Fano? in another connection. He suggests that excitons are 
destroyed at free surfaces. A sparsity of F-centers near the 
surfaces of these samples may also be involved. Optical absorp- 
tion data and similar photoelectric results will be given for 
RbI, for which a quantitative treatment has been worked 
out by Hebb. 


1 Apker and Taft, Phys, Rev. 79, + Ca. 
2 U. Fano, Phys. Rev. 58, 544 (19 


T4. Mechanism of Exciton-Enhanced Emission of Photo- 
Electrons in RbI. Matcotm H. Hess, General Electric Re- 
search Laboratory.—The yield of photo-electrons from RbI ob- 
served by Apker and Taft (preceding abstract) is discussed. 
The reversal near the first maximum in the optical absorption 
is interpreted with the following model. Excitons produced by 
absorption of photons in the crystal diffuse without loss of 
energy to F-centers where they eject electrons and are an- 
nihilated. Age theory is used to treat the diffusion of the elec- 
trons from their points of origin with gradual loss in energy. 
It is assumed that an electron reaching the surface with suffi- 
cient energy to escape is certain to do so. Destruction of ex- 
citons by competing processes at the surface can lower the 
yield of electrons originating near the surface and give the 
reversal in total yield when the optical absorption length is 
small. A paucity of F-centers near the surface can also con- 
tribute to the effect. To fit the observations, it is necessary to 
assume a dead layer at the surface ~140A thick. The length 
characteristic of electron escape is ~40A. The mean free path 
of the electrons in the slowing down process is ~10A. 


TS. On the Transition Probability for Photoelectric Emis- 
sion from Semiconductors. H. B. HUNTINGTON* AND L. APKER, 
General Electric Research Laboratory.—An adaptation of 
Makinson’s! theory of photoelectric emission from metals is 
used to treat simple semiconductor models. In one case, a (100) 
surface of a simple cubic structure is considered. The prob- 
ability of excitation from a state of initial energy « lying near 
€o, the top of an occupied band, is found to be proportional 
to ¢9—«. For a density of states having the normal form, n(e) 
« (e9—e)#, the energy distribution of the emitted electrons is 
thus dominated at higher energies by a factor (¢o.—«)!. Since 
this result is in good agreement with experimental results 
obtained for Te and other monatomic semiconductors, it is 
suggested that the relation derived above holds also for these 
more complicated crystals. This point of view permits a 
unique interpretation of the graphical techniques previously 
used in analyzing photoelectric data and assigns a theoretical 
value of § to the parameter m.? 

* Work done on summer leave from Rensselaer Polytechnic Institute. 


1R. E. B. Makinson, Phys. Rev. 75, 1908 (1949). 
2 Apker, Taft, and Dickey, Phys. Rev. 74, 1462 (1948). 


T6. Fermi Levels in Semiconductors. Guy W. LEHMAN, 
Purdue University.—In nucleon-irradiated semiconductors ad- 
ditional donator and acceptor states appear.' The Fermi level 
changes as a function of the total number N of defects intro- 
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duced. When more donator levels than acceptor levels are 
introduced, P-type material changes to N-type during bom- 
bardment. For equal numbers of donators and acceptors 
(interstitial and lattice vacancies) produced, with activation 
energies of 0.15 ev and 0.05 ev respectively, the Fermi level in 
all cases approaches the limiting value 0.275 ev above the 
middle of the forbidden gap as N increases: initially N-type 
material is converted to P-type material and initially P-type 
material shows decreasing resistance if the initial concentra- 
tion of impurities is moderate as observed in Ge. A model 
corresponding to bombardment-induced transmutations? pro- 
ducing three acceptor impurities for each donator shows that 
N-type material is converted into P-type and P-type material 
shows decreasing resistance, again as observed in Ge after heat 
treatment to remove lattice imperfections. 


1K. Lark-Horovitz, et al., Phys. Rev. 73, 1256(A) (1948). 
* Cleland, Lark-Horovitz, and Pigg, Phys. Rev. 78, 814(L) (1950). 


T7. The Preparation of Thin Films of NiO with Lithium 
Impurity.* N. C. Jamison AND T. R. Kouier, Philips Lab- 
oratories, Inc.—Verwey, Haayman, and Romeyn' have shown 
that by substituting Li for Ni in the NiO lattice the conduc- 
tivity of the oxide may be varied through a wide range; con- 
ventional sintering methods were used and the electrical 
properties of materials containing up to 9 atomic percent Li 
were reported. In the present work mixtures of Ni and Li were 
laid down on polished fused quartz disks by simultaneous 
vacuum deposition. The metallic films were converted to the 
oxide by heating to 500°C in a stream of N2 containing a small 
amount of O:. Satisfactory semiconducting films were obtained 
in the thickness range from a few hundred to 3000A. The 
lithium content was varied from 2 to 48 atomic percent; the 
composition was established by chemical means. X-ray meas- 
urements made on an NiO film yielded the lattice constant 
4.17(1)A in good agreement with other determinations for 
NiO. From the sharpness of the diffraction lines it was esti- 
mated that the size of the crystallites was about 1000A. 

* Supported in part by the ONR. 


1 Verwey, Haayman, and Romeyn, Chem. Weekblad 44, 705 (1948); 
also Philips Research Reports 5, 173 (1950). 


T8. The Electrical Properties of Thin Films of NiO with 
Lithium Impurity.* T. R. KOHLER AND N. C. Jamison. Philips 
Laboratories, Inc.—Resistance measurements made on 38 semi- 
conducting films of LisNijsO0 established the relationship 
between the resistivity and the lithium content in the range, 
2 to 48 atomic percent. The curve shows a broad minimum in 
the neighborhood of 30 atomic percent, the minimum value of 
resistivity being 5Q-cm. The temperature coefficient of resis- 
tance was measured for the interval 30 to 60°C; the value of B 
in the expression o= A’ exp—B/T decreased from 3800°K to 
2600°K with increasing lithium content (2 to 48 atomic per- 
cent). A plot of logA’ as a function of the lithium content has 
a maximum value corresponding to about 28 atomic percent. 
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The shape of the curve is approximately the same as the log 
of the product, (Ni** <x Ni***), plotted as a function of lithium 
content if it is assumed that for each Li substitution one nickel 
ion becomes trivalent. Six samples on which thermoelectric 
measurements were made (lithium content <30 atomic per- 
cent) indicated hole conduction. The results of noise measure- 
ments and resistance at high frequency will also be reported. 


* Supported in part by the ONR. 


T9. The Temperature and Pressure Dependence of the 
Dielectric Constant of Cubic Crystals. E. Burstern, Paut L. 
SmitH, AND B. HeEnvis, Naval Research Laboratory.—The 
optical and static molar polarizabilities of most solids, includ- 
ing the alkali halides, are appreciably dependent on tempera- 
ture and pressure.t This arises from the dependence of the 
frequency and strength of their absorption bands in the ultra- 
violet and infra-red on the interatomic distance and amplitude 
of vibration of their atoms. At optical frequencies the contri- 
bution to the change in dielectric constant from the change in 
molar polarizability is generally smaller than the contribution 
from the change in number of atoms per unit volume except 
for crystals such as MgO, ZnS, and diamond where the bond- 
ing is appreciably homopolar. At low frequencies, however, the 
contribution from the change in molar polarizability is almost 
always larger than the contribution from the change in number 
of atoms per unit volume. The only known exceptions to this 
among cubic crystals are the thallium halides. The optical 
processes underlying these phenomena will be discussed. 

1 E. Burstein and P, L. Smith, Ind. Acad. Sci, 28, 377 (1948); S. Mayburg, 


Phys. Rev. 79, 375 (1950); and G. N. Ramachandran, Ind. Acad. Sci. 25, 
481 (1947). 


T10. An Attempt to Determine the Degree of Vitrification 
in Rapidly Cooled Aqueous Solutions.* B. Luyet, St. Louis 
University.—When an aqueous solution, such as a 1-M sucrose 
solution, is cooled at the rate of several hundred degrees per 
second—by immersion of thin layers (0.01 cm thick) in liquid 
nitrogen—it ‘“‘vitrifies” i.e., it solidifies in the amorphous 
state. If one decreases the concentration of the solute, vitri- 
fication becomes increasingly difficult, since the velocity of 
crystallization increases. An attempt was made to record the 
degree of incipient crystallization in the following manner: 
1. The junction of a thermocouple was inserted in the thin 
layer of solution to be immersed in liquid nitrogen; 2. The 
output of the thermocouple was amplified with a d.c. amplifier 
of a gain of 10,000; 3. The amplified signal was transmitted to 
a cathode-ray oscillograph and recorded photographically. The 
freezing curves thus obtained (with about 0.5 mg of solution 
cooled to —195° in 0.3 sec.) show a clear-cut crystallization 
plateau at low sucrose concentrations and in pure water; this 
plateau is less and less marked as the sucrose concentration is 
increased and it disappears when the concentration reaches 
about 50 percent. 


* Work supported by Research Corporation. 


SATURDAY AFTERNOON AT 2:00 
Mandel Hall 


(E. P. Ney presiding) 


Cosmic-Ray Showers; Scintillation Counters; Cloud Chambers 


Ul. Altitude Dependence of Penetrating Showers. HAROLD 
K. Ticno, University of California, Los Angeles.—A detector 
of penetrating showers was constructed, which consists of a 
1.71-ton lead block with counter trays placed at various levels. 


The electronic apparatus records penetrating showers and dis- 
plays counters tripped in the lower trays by means of a hodo- 
scope. To reach the lowest tray a shower particle must pene- 
trate 630 g/cm? of lead. This equipment was flown in a B-29* 
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at 30,000 feet and at 37,000 feet and was operated at White 
Mountain (altitude 10,000 feet). At each altitude approxi- 
mately 10,000 counts were obtained. The decrease of shower 
intensity with atmospheric depth is exponential with \= 120 
g/cm? in agreement with Tinlot.! The hodoscope data made it 
possible to classify the showers as to their size, but no sig- 
nificant change from A=120 g/cm* was observed for large 
showers. Extrapolation to the top of the atmosphere with 
= 120 g/cm? yields 0.011 primaries (cm? sterad. sec.)~! capa- 
ble of producing recordable penetrating showers, in fair agree- 
ment with rocket results.? It appears therefore that the cross 
section for penetrating shower production in air remains one- 
half of the geometric cross section up to energies ~30 Bev. 

* The flight time was made — ed the ONR and the Air Forces, 


1J. Tinlot, Phys. Rev. 74, 1197 (194 
2 J. A. Van Allen and S. F. Singer, 4 819 (1950). 


U2. Study of Showers Produced in Lead, Carbon, and 
Beryllium. G. DEL CasTILLO* AND W. Y. CHANG, Purdue 
University.—The cloud chamber and control unit, previously 
used for studying absorption of u-mesons by thin foils,’ have 
been set to study showers containing penetrating particles 
produced in Pb, ¢, and Be. In both series of the following ex- 
periments, ten one-inch c-plates have been above the chamber. 
In the first series two one-inch c-plates and three }-inch Pb- 
plates were alternately placed inside the chamber. Two trays 
of counters, each connected for coincidence of two particles, 
were placed vertically underneath the chamber and separated 
by one-inch Pb. Another tray was put on the top of the cham- 
ber to form a fivefold coincidence shower detector. Many of 
the showers so selected are large showers. In the second series, 
two one-inch Be-plates and one }-inch Pb-plate below have 
been inside the chamber. One tray of counters connected for 
two particle coincidence was set immediately below the cham- 
ber and followed after 3.5-inch Pb by a single tray. Two more 
trays on the top of the chamber served with the others as a 
fivefold coincidence unit. More small showers are selected in 
this way. Showers produced in these three elements will be 
compared and discussed. 

* Supported in part by Purdue Research Foundation and Mexican 


Research Commission C.lI. 
1W. Y. Chang and J. R. Winckler, Rev. Sci. Inst. 20, 276 (1949). 


U3. Nuclear Interactions in Gold of Secondary Particles 
emitted in Penetrating Showers.* A. J. HARTZLER, Univer- 
sity of Chicago.—A large counter-controlled cloud chamber 
containing 16 gold plates totaling 308 g/cm? in thickness was 
operated at an altitude of 11,500 feet. The mean free path for 
nuclear collisions in gold of the ionizing secondary particles 
was found to be 230+60 g/cm*. 17 percent of the nuclear events 
observed in making this determination were large angle scatter- 
ings of a penetrating secondary particle with no observable 
disintegration products emerging from the gold plate in which 
the collision occurred. The momenta of secondary particles 
used in this determination ranged between 10° and 10" ev/c 
and less than 11 percent of them were protons. The lowest 
energy penetrating shower which has a high probability of 
tripping the counter coincidence circuit used is estimated to be 
1.510" ev. 88+3 percent of the penetrating showers ob- 
served in the experiment showed the presence of one or more 
electron cascades. The average multiplicity of high energy 
penetrating secondaries emitted in nuclear collisions of an 
average energy of 3 10'* ev was found to be 7+1. The corre- 
sponding multiplicity of secondary particles of a group of 
penetrating showers of 6X10" ev average energy was 11+2. 


* Assisted by the joint program of the ONR and AEC. 


U4. Absorption in Air of Cosmic Radiation Producing Large 
Bursts under Thick Absorbers at 11,500 Ft. Elevation.* 
Tuomas G. Stincucomr, University of Chicago.—Using a Car- 
negie Model C meter together with counters to detect air 
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showers, experiments on bursts greater than 200 particles 
under a spherical absorber of 122 g/cm* Pb were carried out 
at Climax, Colorado. Corrections were made for bursts pro- 
duced by energetic u-mesons and by air showers. A barometric 
coefficient for vertical radiation of —1.9 (+0.4 percent) per 
mm Hg was obtained. This is equivalent to an absorption mean 
free path of 74+17 g/cm*. Using an additional iron shield 
which absorbed radiation entering at zenith angle from 0° to 
15°, 22.5°, or 30°, the zenith angle dependence of burst- 
producing radiation was found to be that resulting from a mean 
absorption path of 72+13 g/cm*. This large absorption indi- 
cates that elastic scattering is nearly zero for these energies 
which are estimated to be 6X 10" ev or greater, and that these 
bursts originate mostly from primary protons. The flux of 
the burst producing radiation at Climax is extrapolated and 
found to agree with flux estimates for particles of this energy 
at the top of the atmosphere. 


* Assisted by the joint program of the ONR and AEC. 


US. On the Particles Producing High Energy Nuclear 
Interactions in Gold.* Metvin B. Gorttiies,t University of 
Chicago.—A large multiplate counter-controlled cloud cham- 
ber containing 300 g/cm? of gold was used for the study of 
penetrating showers at an altitude of 11,500 ft. Showers above 
a minimum energy of about 15 Bev initiated by both ionizing 
and non-ionizing particles could be observed. At least 83.5 
percent of the shower producing particles (SPP) were found 
to be ionizing. From the distribution of events in the plates of 
the chamber, the mean free path in gold of the SPP was found 
to be 145+3 g/cm*. The observed projected zenith angle dis- 
tribution corresponds to an absorption mean free path in air 
of 70 to 90 g/cm*. The flux of the SPP of (1.7+1)x10-* 
particles cm sec.~ sterad.-!, when compared with the flux of 
primary protons at the top of the atmosphere, yields an absorp- 
tion mean free path of 77+5 g/cm?. It is very unlikely that 
only a small fraction of the energy of a SPP be lost in the 
chamber. 


* Assisted by the joint program of the ONR and AEC. 
+t Now at the State University of Iowa. 


U6. Particle Localization by Means of a Scintillation De- 
tector.* Luxe C. L. Yuan anv H. L. Poss, Brookhaven 
National Laboratory.—A long tube with flat ends containing 
scintillation liquid! is placed between two photo-multipliers. 
Neglecting reflection from the side walls, the intensity of light 
received at a photo-multiplier from a scintillation is propor- 
tional to the solid angle subtended by the photo-cathode at the 
scintillation point. The ratio of two coincident pulses will then 
determine the location of the scintillation along the tube inde- 
pendent of light intensity (particle energy). The pulse ratio 
was obtained by feeding one pulse to the vertical deflection 
plates and the other to the horizontal ones of an oscilloscope 
and measuring the inclination angle of the trace. The trace 
amplitude is related to the particle energy dissipated in the 
liquid. Preliminary results on the localization effect were ob- 
tained using cosmic rays. The coincidence pulse from a Geiger- 
counter telescope perpendicular to the scintillation detector 
was used to unblank the oscilloscope. Uncertainty resulting 
from statistical variations of the photo-multipliers were meas- 
ured by means of a light source placed at various distances 
between the photo-multipliers to simulate scintillations. Pos- 
sible applications of the localizer to angular correlation and 
cosmic-ray measurements will be discussed. 


* Work done under the auspices of the AEC. 
1H. Kallman and M. Furst, Phys. Rev. 79, 857 (1950). 


U7. Scintillation Counter for High Energy Particles.* 
Francis X. RoseER AND THEODORE BOWEN (Introduced by 
MarcEL ScHEIn), University of Chicago.—The purpose of this 
experiment is to investigate the response of an anthracene 
crystal to high energy mesons falling into four energy ranges, 
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going from 13 to 24, 24 to 52, 52 to 147, and greater than 147 
Mev. A fourfold Geiger-Miller counter coincidence circuit 
initiates the sweep of an oscilloscope. The pulses from two 
scintillation counters are delayed and appear at the sweep 
together with delayed pulses from Geiger-Miiller trays, which 
determine the range of the mesons in lead absorbers. An effi- 
ciency of better than 95 percent has been found. Measure- 
ments of the proportionality are under way and will be 
discussed. 
* Assisted by the joint program of the ONR and AEC. 


U8. Scintillation Counter Efficiencies at Short Resolving 
Times.* M. R. CLELAND, C. E. WuittLe, A. L. HUGHEs, AND 
P. S. JastraM, Washington University—When scintillation 
counters employing organic crystals or solutions and photo- 
multiplier tubes are used in conjunction with fast coincidence 
circuits for high resolution delayed-coincidence studies of 
beta- and gamma-rays, it is found that as the resolving time 
is reduced in the neighborhood of 10-* second a point is 
reached at which the coincidence counting efficiency diminishes 
rapidly. This point determines the maximum resolution at 
which the system is useful. A study of several counter systems 
reveals that this effect depends upon both the scintillation 
material and the type of photo-tube used. Typical values for 
minimum resolving times (loss of 1/e of the coincidences) are 
as follows: 








Photo-tube r-minimum 
RCA 5819 
RCA 5819 
RCA IP28 


Phosphor 





20 X10-* sec, 
9 X10-* sec. 
3 X10-* sec. 


Anthracene crystal 
Terpheny! xylene solution 
Terpheny! xylene solution 








Annihilation gamma-quanta from Na® positrons are used to 
produce simultaneous excitation of the two counters. The 
photo-multiplier output pulses are amplified and equalized in 
height, and are limited in width by reflection in a length of 
shorted coaxial cable. A conventional crystal-diode coincidence 
circuit is used. The band width of the circuit is 200 megocycles. 


* Assisted by the joint program of the ONR and AEC. 


U9. Scintillation Decay Times.* ARNE LuNpBy, University 
of Chicago.—A delayed coincidence circuit has been used for 
determining the decay times of some scintillation crystals and 
in a search for delayed nuclear transitions in the region 
10-*°—10~” sec. The coincidence circuit consisted of two 1P21 
photo-multipliers, the output pulses from which were fed into 
100-ohm coaxial cables terminated at the input of distributed 
amplifiers. The output from the amplifiers was applied to a 
germanium diode bridge coincidence circuit. The average life- 
times of 1,4-diphenyl-butadiene and p-terphenyl were found 
to be 4X 10~* sec. The rate of decay did not change when 2.5 g 
(resp. 5.2 g) of p-terphenyl was dissolved in one liter of phenyl- 
cyclohexane (resp. xylene). Further decay times measured 
were: ¢-stilbene, 5.7 X 10~® sec., anthracene, 24 10~* sec., and 
napthalene, 60X10~* sec. The operation of the coincidence 
circuit was checked by measuring the time of flight of light 
over a distance of about one meter, and by determining the 
decay time of ThC’. When light piping was employed, the 
resolving power was reduced due to multiple scattering of the 
photons in the light pipe. 


* Supported by the joint program of the ONR and AEC. 


U10. Observations on Diffusion Cloud Chambers.* E. C. 
Fow er, D. H. Miter, R. P. SHutt, anp A. M. THORNDIKE, 
Brookhaven National Laboratory.—Recent studies of the opera- 
tion of continuously sensitive diffusion cloud chambers! seem 
to establish their usefulness for demonstrations as well as a 
research tool. The arrangement and operation of such cham- 
bers will be discussed. Experiments with different temperature 
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gradients across a diffusion chamber will be described. With a 
filling of air and methanol and a temperature gradient of 7°C 
per cm, cosmic-ray tracks near minimum ionization are 
straight, sharp, and of good contrast. Photographs of cosmic 
rays and gamma-ray-induced tracks will be shown. No electric 
sweeping field is necessary when cosmic rays are observed, 
but radiations five to ten times as strong will make the cham- 
ber temporarily insensitive to track production. Here an elec- 
tric sweeping field greatly speeds up resensitization. The effects 
of different gases and vapors used in diffusion chambers have 
been investigated. The most important result is that with 
gases of low atomic number, such as helium and hydrogen, a 
diffusion chamber will not behave stably at or near atmos- 
pheric pressure, but at higher pressures good results can be 
obtained. 

*Work performed at Brookhaven National Laboratory under the 


auspices of the AEC. 
1A. Langsdorf, Rev. Sci. Inst. 10, 91 (1939). 


U1l. A Continuously Sensitive Cloud Chamber. T. S. 
NEEDELS* AND C. E. NIELSEN, Ohio State University.—A cloud 
chamber is described which has a thin horizontal layer con- 
tinuously sensitive to ion tracks. Supersaturation is main- 
tained in this layer by the principle of vapor diffusion from a 
hot to a cold surface.! This sensitive region is close to the cold 
surface. The chamber as we have used it is a two-liter glass 
beaker that sits on dry ice, and which is covered at the top 
with cardboard wet with alcohol. The alcohol is at room tem- 
perature and provides the vapor. Either ethanol or propanol 
works well. The gas is atmospheric air. A vertical electric field 
is applied across the sensitive region. This field adds more 
ionizing events to the sensitive region. When vapor diffusion 
starts there is about a 15-minute wait during which the air is 
made dust-free by continuous condensation. Electron and 
proton tracks in a magnetic field have been photographed 
from above through a glass-covered hole in the cardboard. The 
light source is an H-6 Hg arc lamp behind a glass lens both 
placed at the level of the sensitive region. 


* Now at Los Alamos, New Mexico. 
1A. Langsdorf, Rev. Sci. Inst. 10, 91 (1939). 


U12. Condensation Efficiency of Ions in the Wilson Cloud 
Chamber. Cart E. NIELSEN AND THEODORE S. NEEDELS, 
Ohio State University—We have determined visually the 
minimum expansion necessary for condensation upon ions 
(“ion limit”) in a Wilson cloud chamber using the following 
alcohols mixed in various proportions with water: ethanol, 
n- and iso-propanol, 1- and 2-butanol, and 1- and 2-pentanol. 
We have measured photographically condensation efficiency, 
defined as the fraction of ions of one sign made observable as 
drops in an expansion, using various mixtures with water of 
ethanol and n- and iso-propanol. The measurement depends 
upon the count of drops photographed in clusters of positive 
and negative ions separated by an electric field. It was con- 
cluded some years ago: “With mixtures not too far from 70 
percent ethyl alcohol, all positive ions serve as condensation 
nuclei when negative ions begin to be effective. If a field is 
used to separate positive and negative ions, the presence of a 
negative track is evidence that all positive ions are represented 
by drops in the positive track.” The same is true of water 
mixtures with n- or iso-propanol, with the qualification that 
the negative drops must be at least one-fourth as numerous 
as the positive drops. 


U13. Upward Diffusion Cloud Chamber. O. H. WEDDLE 
AND C. E. NIELSEN, Ohio State University.—It is possible to 
construct two kinds of stable diffusion cloud chambers. The 
vapor may be diffused downward through a sufficiently dense 
gas from a hot source on top to a cold plate on the bottom, or 
the vapor may be diffused upward through a lighter gas from 
a hot source on the bottom to a cold plate on top. A chamber of 
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the latter type has been operated; tracks of ionizing particles 
have been seen and photographed. The chamber consists of a 
heated glass bottom and cooled metal top with a glass cylinder 
clamped between. A region sensitive to ions occurs near the 
top plate. Pictures were taken through the glass bottom. 
Propyl alcohol vapor and other vapors have been diffused 
through helium or hydrogen. A mixture of water and propyl 
alcohol diffused through helium has given the best results. 
Diffusion cloud chambers must be operated with ionization 
intensity appropriate to the vapor supply. 


U14. Depth of Sensitive Region in Diffusion Cloud Cham- 
bers. W. E. NExsEN, Jr., O. H. WEDDLE, AND C. E, NIELSEN, 
Ohio State University.—In the first continuously sensitive 
cloud chambers studied at this laboratory tracks could be 
observed in only a very thin region close to the cold surface. 
In order to increase the usefulness of the chamber we have 
studied factors influencing depth of sensitive region. We have 
investigated the use of multivapor systems, the use of various 
geometries and the use of different temperature gradients. 
One chamber used consisted of a crystallizing dish inverted in 
a pie plate containing a pool of n-propanol. A watch glass 
containing a small pool of propanol was suspended within the 
chamber and close to the top. The apparatus was placed on a 
block of dry ice and the top heated gently by a lamp. A rela- 
tively deep region was obtained in the upward diffusion cham- 
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ber when a water-alcohol mixture was employed in such a way 
that the vapor composition was a function of the height. This 
resulted in a variation of the ion limit with height. When the 
variation was such that a more favorable vapor mixture oc- 
curred lower in the chamber, the sensitive region was con- 
siderably deepened. 


U1S5. Wave-Guide Linear Accelerator with Continuous 
Dielectric Loading. Gai. T. FLEsHER AND GeorGE I. Cogn, 
Illinois Institute of Technology.—With the advent of the high 
power klystron, the linear accelerator becomes an increasingly 
important research tool; thus investigation of new types is in 
order to further increase its efficiency. This paper examines 
the continuous dielectric loaded type to determine its prac- 
ticability for these uses. By the solution of Maxwell's equations 
in the guide, the accelerating field is found in terms of the 
physical dimensions, the dielectric and metal characteristics, 
and the power input. For equal power inputs the accelerating 
field attainable is found to be comparable to those for the 
disk-loaded type. A certain characteristic length is found 
which determines whether operation should be traveling wave 
or standing wave. Over a certain range, an increase of dielec- 
tric constant allows a higher loss tangent to be tolerated. 
Practical problems such as heat dissipation are considered. 
Most of the work has been done for the two coaxial region 
guide, but other promising configurations will be discussed. 


SATURDAY AFTERNOON AT 2:00 


Rosenwald 2 


(LEONA MARSHALL presiding) 


Invited Paper 


V1. Distribution of Scattered Neutrons from Various Elements. ALEXANDER LANGspoRFF, JR., 


Argonne National Laboratory. (30 min.) 


Neutrons 


V2. Fast Neutron Cross Sections and the n-n Interaction. 
RoBeErtT Jastrow, University of California, Berkeley.—Nuclear 
cross sections for fast neutrons' have been examined for pos- 
sible information on the n-n interaction. These cross sections 
level off to constant values above 150 Mev, in place of the 
continued decrease with increasing energy which would be 
expected from a finite nucleon-nucleon interaction, providing 
evidence for a short-range singularity in this interaction. 
Indirect evidence for the equality of the n-n and p-p inter- 
actions can be obtained from calculations of these high energy 
plateaus, based on Serber’s model of the transparent nucleus.? 
The results are in agreement with experiment for both light 
and heavy elements provided one assumes ¢an=¢pp. The 
energy dependence of the neutron-nucleus cross section at 
intermediate energies agrees reasonably with that calculated 
from a nucleon-nucleon interaction containing a repulsive core 
of radius 1.0X10-" cm, but is in qualitative disagreement 
with calculations based upon the representation of the nucleus 
by a finite potential well. This work was performed under the 
auspices of the AEC. 


1J. DeJuren, University of California, Radiation Laboratory Report 


UCRL-736. 
2 Fernbach, Serber, and Taylor, Phys. Rev. 75, 1352 (1949). 


V3. Total Cross Sections of Be, B, O, and F for Fast 
Neutrons.* C. K. BockELMAN, University of Wisconsin.— 


Previous studies of the cross sections of Be and O as a function 
of neutron energy! have been extended to higher energies. The 
cross sections were calculated from transmission measure- 
ments. Neutrons were obtained from the Li(p, m) reaction; the 
effect of the low energy neutron group is believed to have been 
negligible. In the range from 0.2 to 1.4 Mev, two resonances 
were found for Be. Three levels in O were observed below 1.4 
Mev in good agreement with the results of the Minnesota 
group;? the values of the cross section at the maxima indicate 
that a compound state with a total angular momentum of §h 
is formed in each case. Similar experiments revealed one level 
in B for neutron energies below 1 Mev, while evidence for at 
least seven resonances was found for F in the energy interval 
from 0.01 to 0.7 Mev. The assignment of reduced widths to 
the levels observed is possible in some cases. 

* Work supported by the AEC and the Wisconsin Alumni Research 
Foundation. 


1 Adair, Barschall, Bockelman, and Sala, Phys. Rev. 75, 1124 (1949). 
? Freier, Fulk, Lampi, and Williams, Phys. Rev. 78, 508 (1950). 


V4. The Coherent Scattering Cross Section and Nuclear 
Resonances of Tellurium. C. J. Hemnpi, 1. W. RuDERMAN, 
Columbia University; AND R. J. Weiss, Brookhaven National 
Laboratory.—Recent small angle neutron scattering measure- 
ments! show that the coherent scattering cross section of 
tellurium is much smaller than the free scattering cross section. 
This can be explained by assuming that one of the tellurium 
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isotopes has a strong resonance and a negative scattering 
length. Transmission measurements on normal isotopic tel- 
lurium with the Columbia neutron velocity spectrometer con- 
firm the presence of a strong resonance at 2.2 ev, and a number 
of smaller resonances at higher neutron energies. Further 
transmission data on an enriched sample of tellurium contain- 
ing 76.5 percent of Te™ are being obtained to determine if the 
resonance at 2.2 ev is to be attributed to this isotope. The 
incoherent, and from it the coherent,? cross sections of tel- 
lurium are being determined by a scattering experiment with 
the neutron spectrometer. This experiment utilizes an annular 
bank of BF; counters placed at an angle of 18° with respect to 
the neutron beam. Only incoherently scattered neutrons are 
counted when the incident neutron energy is greater than 
2.5A. Thus, the incoherent cross section may be determined 
as a function of neutron energy. 


1 See paper by R. J. Weiss to be given at this meeting. 
?P. J. Bendt and I. W. Ruderman, Phys. Rev. 77, 575 (1950). 


V5. Single Crystal Neutron Monochromators.* S. PAsTER- 
NacK, A. W. McReynotps, R. J. Werss, AND L. Cor-iss, 
Brookhaven National Laboratory.—The effectiveness of a single 
crystal neutron monochromator depends both on the peak 
reflectivity at the Bragg angle and on the ratio of the rocking 
curve width to the angular spread permitted by the collimating 
system (provided that the former is the smaller angle). In 
connection with designing such a monochromator for a neutron 
diffraction apparatus at Brookhaven, some exploratory de- 
terminations of these factors were made on several single crys- 
tals, using the Oak Ridge neutron diffraction apparatus. The 
following results were obtained: 








Peak reflectivity of a 


Rocking curve 
thick crystal i 


Crystal Reflecting plane width (mia.) 


NaCl 200 8 
Ni 111 . 60 
Pb 111 s 20 
Fe 100 s 8 











For the Brookhaven instrument, whose collimator has a 
spread of 15 to 20 minutes, it appears that a lead crystal should 
yield about five times more intensity than rock salt. Trans- 
mission measurements were also made through some of these 
crystals at and near the Bragg peaks. The relationship of the 
results to the dynamical theory of x-ray scattering as modified 
for neutrons by Bacon, Lowde, and Thewlis, and to the theory 
of inelastic scattering, will be discussed. 


Research carried out under contract with AEC. 


V6. Small Angle Scattering of Thermal Neutrons (Experi- 
mental).* A. W. MCREYNOLDs AND R. J. WEISS, Brookhaven 
National Laboratory.—Broadening of a neutron beam by small 
angle scattering in transmission through finely divided ma- 
terials was studied as a function of neutron wave-length and 
number, size, and index of refraction of particles. Dependence 
on these parameters confirmed the above theoretical consider- 
ations, for p large and small. A well-collimated beam was re- 
flected from a mirror adjusted to the critical angle of 3A neu- 
trons and allowed to traverse the powder samples. The beam 
contour was plotted with a slit mounted on a comparator 
before a BF; proportional counter. By immersing the sample 
in a liquid of known index of refraction the phase of slow 
neutron scattering and the coherent cross section could be 
determined. The phases of P, Si, Cr, Se, Ru, Mo, Pd, Cb, Bi, 
and Te were found to be positive. The coherent cross sections 
of Cr and Si indicated little isotopic or spin incoherence. Small 
angle scattering from carbon blacks yielded results agreeing 
with x-ray scattering and showed the scattered central maxi- 
mum superimposed on the undeviated beam. Quantitative 
agreement with the total cross section for small angle scatter- 
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ing per particle was obtained and substantiated the R‘ de- 
pendence. The small angle scattering by ferromagnets dis- 
covered by Hughes was corroborated. 


* Research carried out under contract with AEC, 


V7. Small Angle Scattering of Thermal Neutrons (Theo- 
retical).* R. J. Weiss AND S. PASTERNACK, Brookhaven 
National Laboratory.—The differential and total cross sections 
for small angle scattering of thermal neutrons by spheres have 
been calculated. Asymptotically the results are identical with 
those obtained from geometrical optics (refraction) or from 
the Born approximation (diffraction), depending on whether 
the difference, p, between the neutron phase change in travers- 
ing the particle diameter and the phase change in traversing 
the same distance in vacuum is large or small, respectively. 
For large values of p the angular dependence of the differential 
cross section is a function only of 4, the difference from unity 
of the index of refraction; and the total cross section is 27R?. 
For small p the central diffraction maximum has a half-width 
proportional to \/R; the total cross section being +R*p*/2. 
When the sphere is part of a conglomerate, coherence effects 
must be considered for p small, but for p large the scatterings 
can be considered independent. In the latter case the multiple 
refraction theory of Von Nardroff is approximately valid. The 
above considerations may be applied to shapes other than 
spheres, and to ferromagnetic domains. 


* Work performed under contract with AEC. 


V8. Inelastic Scattering of Thermal Neutrons.* Davin A. 
KLEINMAN, Brookhaven National Laboratory.—The one-phonon 
cross sections, often principally responsible for the inelastic 
scattering, were calculated for a number of materials as a 
function of the incident neutron energy E for several crystal 
temperatures T. To shorten the calculations the integrals, 
equivalent to those given by Weinstock, were evaluated 
graphically on specially ruled paper. This method is still 
laborious owing to the large number of integrals, so the method 
of integrating over reciprocal lattice points was developed 
following a suggestion by Pomeranchuk and Akhieser. This 
leads to the formula 


enol AED) ®.2)) 


where r=(m/M)(E/@)¢(T/@) is essentially the Debye- 
Waller temperature exponent. Tables have been prepared of 
F(E/0, T/@) and G(E/@, T/@) as well as ¢(T/@) and f(r) per- 
mitting rapid calculation of the one-phonon cross section. The 
validity of the reciprocal lattice integration requires sufficient 
incident energy to involve a large number of crystal planes in 
the scattering process, but fortunately the tables agree quite 
well with the more laborious calculation even at the lowest 
energies. 


* Research carried out at the Brookhaven National Laboratory under 
the auspices of the AEC. 


V9. On the Coherent Scattering of Slow Neutrons by 
Fluids in the Critical Region. Lours Gotpstein, Los Alamos 
Scientific Laboratory.—The theory of coherent scattering of 
x-rays in fluids may be used to describe their coherent scatter- 
ing of slow neutrons. The formalism is based on the explicit 
use of the fluid correlation function which expresses the local 
concentration or density inhomogeneity around a given atom 
or molecule. In the limit of long wave radiation, e.g., visible 
light and of small angle slow neutron or x-ray scattering the 
fluid structure factor becomes independent of the details of 
the scattering process and the correlation. It then depends only 
on the density fluctuations of the fluid resulting from statis- 
tical thermodynamics. It is thus expected that as the tem- 
perature increases toward the critical temperature the scatter- 
ing pattern of the slow neutrons should change considerably. 
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The slow neutron critical opalescence should manifest itself 
through an increasingly large small-angle scattering. For a 
simpler interpretation of the scattering process monatomic 
liquids might prove preferable. In view of the unsettled status 
of both theoretical and experimental aspects of the critical 
opalescence of visible radiation, it is suggested that the investi- 
gation of the slow neutron scattering by fluids in the critical 
region could yield information which might prove helpful for 
a better understanding of critical phenomena. 


V10. Neutron Energy Measurements With Non-Colli- 
mated Neutrons Using Li*-Loaded Photographic Plates.* 
J. H. Rosperts, E. Nakaji, AND W. SoLANo, Northwestern 
University.—Work on neutron energy measurements with Li®- 
loaded plates has been previously reported.! The feasibility of 
measurements with this same tool for non-collimated neutrons 
is under investigation. The method used is to rotate the plates 
in a beam of neutrons produced by Li’(p, )Be’ using protons 
from an electrostatic generator. The plate rotation mocks up a 
condition of isotropic incidence. Exposures have been made to 
neutrons of 200, 400, 600, and 1000 kev. Stationary plates are 
exposed simultaneously to give a comparison of resolution for 
collimated and non-collimated neutrons. At 200 kev the resolu- 
tion for the two cases appears to be the same (histograms of 
100-kev width at half-maximum). At 400 kev the resolution 
obtained with isotropic neutrons appears to be slightly worse 
than with collimated neutrons for which the histogram width 
at half-maximum is about 150 kev. At 600 and 1000 kev the 
resolution for collimated neutrons remains about the same as 
at 400 kev, but for isotropic neutrons appears somewhat worse. 
Observer bias will partly explain this fact. 100u-thick C2 emul- 
sions are used for this work. Exposures were made by J. 
Morris Blair at the Argonne National Laboratory. 

* This work is % ar | by AEC Contract No. AT(i1- 


1G. R. Keepin, Jr., and J. H. Roberts, Phys. Rev. 76, pre (1949), and 
Rev. Sci. Inst. 21, 163 (1950). 


Vil. A Counter for Fast Neutrons.* P. S. Jastram, A. H. 
BENADE, M. R. CLELAND, AND A. L. HuGues, Washington 
University.—A scintillation counter has been constructed that 
has an average efficiency of the order of 50 percent for neu- 
trons in the range 1 to 10 Mev. The scintillation material is a 
solution of terphenyl, in a concentration of 2 grams per liter, 
dissolved in xylene. The container comprises a brass cylinder 
with a quartz window soldered in one end and a thin dural 


W1. Mechanical Properties of Substances of High Molecu- 
lar Weight. IX. Non-Newtonian Flow and Stress Relaxation 
in Concentrated Polyisobutylene and Polystyrene Solutions. 
F. W. Scuremp, Joun D. Ferry, AND WARREN W. Evans, 
University of Wisconsin.—A coaxial cylinder apparatus serves 
to measure the apparent viscosity of a concentrated polymer 
solution at various shearing stresses and to follow the relaxa- 
tion of stress after sudden cessation of flow. The dependence 
of rate of strain (7) on shearing stress (T) can be represented 
by the equation 7 =; sinhk.T. The constant k: is almost inde- 
pendent of temperature, and decreases with increasing con- 
centration. The course of the stress relaxation depends on the 
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window in the other. Aluminum foil placed against the inner 
wall serves to improve the light-gathering efficiency; mineral 
oil between the quartz window and the surface of the photo- 
multiplier tube reduces reflections by maintaining a nearly 
constant index of refraction in the light path. The cylinder is 
about 6 cm in length and 4 cm in diameter. The neutrons are 
obtained from a 3-millicurie polonium-beryllium source. The 
maximum energy of these neutrons is #1 Mev. A pulse-height 
distribution calculated from published Po-Be neutron energy 
distributions, and neutron-proton cross sections, is in rough 
agreement with the measured distribution. 


* Assisted by the joint program of the ONR and AEC. 


Vi12. The Coherent Neutron Scattering Cross Sections of 
Iron and Its Isotopes. W. C. Korner, C. G. SHULL, AND 
E. O. WoLLAN, Oak Ridge National Laboratory.—The coherent 
neutron scattering cross sections of Fe, Fe, Fe®*, and Fe” 
have been determined from neutron diffraction measurements. 
Since there are ferromagnetic scattering effects with iron, the 
contribution of the magnetic scattering to the observed in- 
tensities must be subtracted to obtain the nuclear scattering 
cross sections which are reported here. In the case of normal 
Fe, and Fe**, diffraction peaks were observed at sufficiently 
large values of sin@/ so that the magnetic contributions to the 
intensities were small. For the other two samples, where only 
a few reflections were observed, the data were fitted to the form 
factor curve of Wick and Steinberger and extrapolated to 
large angles. The effective nuclear scattering amplitudes ob- 
tained in this way were corrected for isotopic content with the 
results shown in Table I. Although the principal measurements 
were made with the reduced metal samples, additional meas- 
urements on isotopically enriched samples of Fe:O; were 
necessary to establish the relative phases of scattering. 


Taste I. 








Coherent scattering 
cross section (barns) 


Coherent scattering 





Is sotope amplitude (10-" cm) 
Fes 40.999 12.6 
Fe* +0.42 2.2 
Fes" +0.23 0.64 
Fe +0.956 11.5 








‘y Sicdsbieninn and G. C. Wick, Phys. Rev. 76, 994 (1949). 





steady state value of 7 preceding cessation of flow. By assum- 
ing a logarithmic distribution function ® of elastic mecha- 
nisms which are relaxed by hyperbolic sine flow mechanisms, it 
can be shown that @& — (dZ/d logt) /2.303kyt 2 tanh" { (y/k:)/ 
(1+[1+(y/k:)*}*}, where ¢ is the elapsed time. Values of ® 
obtained from this equation are independent of the rate of 
shear. The reduced distribution function, 6,=®7)/Tc, plotted 
against the logarithm of the reduced relaxation time, rt, 
=rcT/Tm, where T is the absolute temperature, Ty) = 298°K, 
c is the concentration in g/cc. and 9 the viscosity at zero stress, 
is independent of temperature and concentration over the 
ranges studied for each of three polymer samples. 
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W2. Mechanical Properties of Substances of High Molec- 
ular Weight. X. The Relaxation Distribution Function in 
Polyisobutylene and Its Solutions. Joun D. Ferry, Epwin 
R. FitzGERALD, Myre F. JOHNSON, AND Lester D. Gran- 
DINE, JR., University of Wisconsin.—Previous twin transducer 
measurements of the dynamic rigidity and viscosity of a poly- 
isobutylene sample of viscosity-average molecular weight 1.2 
million have been extended over a wider temperature range, 
and previous wave propagation data on solutions of this poly- 
mer in xylene have been extended by transducer measurements 
at lower concentrations, Values of the relaxation distribution 
function are derived from all these data, and compared with 
values obtained from (a) the stress relaxation measurements 
on solutions described in the preceding abstract, (b) stress 
relaxation data on solid poly-isobutylene of Andrews arid 
Toboslky, and (c) dynamic measurements on buty! rubber by 
Nolle and by Guth. When reduced to a common reference 
state at 25°C by the assumption that all relaxation processes 
depend identically on temperature and concentration, the 
results of the six types of measurement are consistent in order 
of magnitude and provide a picture of the distribution function 
over twelve cycles of logarithmic time. It appears to have a 
plateau from 0.1 to 10‘ sec. with a sharp rise at shorter times 
and a sharp drop at longer times. 


W3. Precipitation of Polymers from Solution: The Role of 
Molecular Weights in the Kinetic Process. D. R. Morey, 
Eastman Kodak Company.—The kinetics of nucleation, and 
of further growth of a nucleus, are examined theoretically for 
the case of polymer chains in dilute solution. The chains are 
assumed to have a moderate degree of kinking only, such as is 
expected with cellulose esters. The analysis is carried out 
primarily to examine the role which molecular weights play 
in the “average ’ which is effective in determining the precipi- 
tation point. This average, termed the gamma-average, is not 
the average of the chain lengths in the precipitate phase, but 
it represents the “selection mechanism” which, operating over 
the chains in the solution phase, determines which shall 
precipitate. The gamma-average has the form 


ZNiM,te@™]t 
DNyet* ; 

and hence weights heavily the longer chains. Numerical 

cases are worked out showing substantial agreement with 

experiment. 


M,= 


W4. Sedimentation Equilibrium in Concentrated High- 
Polymer Solutions. M. WALES, University of Wisconsin.—It 
has been found that sedimentation equilibrium may be ob- 
tained rapidly in polymer solutions of concentration as high 
as 20 percent by weight, using a Svedberg equilibrium ultra- 
centrifuge. The conditions are such that the ratio of con- 
centrations at the ends of the sedimenting column is small 
(1.05—1.1). Equilibrium is usually approached more rapidly 
in concentrated solutions under these conditions than in solu- 
tions of medium dilution (ca. 0.5 percent). The osmotic pres- 
sures of concentrated solutions can be calculated from sedi- 
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mentation equilibria, although there is a systematic error if 
the higher virial coefficients are functions of molecular weight 
distribution. The calculated osmotic pressures are independent 
of centrifuge speed. For a polystyrene fraction in butanone, 
the second virial coefficient agreed very well with that obtained 
by Schick et al.! while the third coefficient was considerably 
higher. Measurements were also performed with the system 
polyvinyl acetate-butanone. 


1 Schick et al., J. Am. Chem, Soc. 72, 530 (1950). 


WS. Electrical Properties of Some Carbon Black-Oil Sus- 
pension.* M. J. Forster AND D. J. MEAp, University of 
Notre Dame.—The d.c. conductivity and a.c. (1000 c.p.s.) 
properties of suspensions of R-40 carbon black in transformer, 
silicone and linseed oils, and suspensions of Shawinigan black 
in linseed oil, were studied as functions of time, carbon black 
concentration, and rotational speed of test cell. The d.c. con- 
ductivity was also studied as a function of voitage. Immedi- 
ately after agitating the suspension, both a.c. and d.c. conduc- 
tivities increase rapidly with time, then level off and approach 
a saturation value. For the d.c. conductivity this value in- 
creases with increasing voltage in all suspensions studied 
except the highest concentrations (10 percent by weight), 
which obey Ohm's law. The rate of approach to saturation is 
independent of voltage, but depends on carbon black concen- 
tration. Increasing the concentration increases the conduc- 
tivity. Increasing the speed of rotation decreases the conduc- 
tivity. Form factors for the carbon black particles are calcu- 
lated from the dynamic values of the dielectric constant by 
Voet’s method. Agglomeration factors are then determined. 
At low speeds the agglomeration factor decreases rapidly with 
increasing speed. At higher speeds it approaches unity asym- 
ptotically. The theoretical interpretation of the results will be 
discussed. 

* Supported in part by the ONR. 


W6. Quantum-Mechanical Resonance between a Pair of 
Oscillator Sets which are out of Tune. H. JEHLE, University 
of Nebraska.—Consider an oscillator set 11, 2I (molecule I) 
which is coupled with another set 1II, 2II (molecule I1) by 
means of a weak dipole dipole interaction u. Suppose all oscil- 
lators have equal frequency « for vanishing interactions y, d, 
and study the influence of strong coupling A in between the 
oscillators of each set, A= 43 (gu? +-Gar? +111? +a”) + 42 (qur? 
+ gar? + girt® + gar?) + A(qugar + Quigart) + w(Qugut + gugart 
+g21g111 +¢21g211). We get an attraction between the molecules 
I and II, strongly dependent on A, the more so if the molecules 
incorporate many identical oscillators each, instead of the two 
in the present example. In that case the excited levels are 
lowered towards the ground level which results in an enormous 
increase in the partition function and attraction. Though a 
detuning 6 of the type «iu =Ko =«K+6, xy1=Ka1=«—6 will not 
change the attraction (just as in the case of but a single 
oscillator per molecule), all other types of detuning make the 
strong attraction practically disappear, e.g., the type «1 =«+6, 
Ko =x, Kur=x—5, xyr=6, as well as xy=x+d, «xy=x—5, 
Kut =K+6, kar =«—4, and xr =«K+4, Ka =K—5, Kut =K, Kat =k. 
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SP1. Cloud Chamber Operation down to —40°C. Cart E. 
NIELSEN AND THEODORE S. NEEDELS, Ohio State University. 
(To be given at the end of Session U if the Chairman rules that 
time permits.)—We have refrigerated a Wilson cloud chamber 
of the rubber diaphragm type in order to investigate its be- 
havior when it is cold. Observations made include the follow- 
ing: In the vapor of a 3:1 ethanol-water mixture tracks of good 
quality were obtained at all temperatures down to —25°C. 
A slightly greater useful expansion range was found at the 
lower temperatures, but the minimum expansion required to 
catch ions changed little. In pure water vapor only liquid drops 
appeared providing that the temperature during expansion 
was not lower than —40°C. When temperatures below —40°C 
occurred, small ice crystals were formed. Our observations 
support Fournier d’Albe’s' conclusion that the ice is a result 
of freezing of liquid droplets, not of direct crystallization from 
the vapor. 

1 E, M. Fournier d’Albe, Quart. J. Roy. Meteor. Soc. 75, 1 (1949). 


SP2. Measurements of the Stress in Nickel Films with a 
New Oscillation Magnetometer. J. Ross MAcDONALD, Oxford 
University. (To be given at the end of Session J if the Chairman 
rules that time permits.)—Using a new oscillation magnetom- 
eter,! isotropic planar stress has been measured in thin nickel 
films evaporated on mica and still attached thereto. Mag- 
netometer measurements were carried out on films which ferro- 
magnetic resonance experiments indicated had virtually no 
cross-sectional stress dependence and on the same film disks 
used in the resonance measurements. Under these conditions, 
magnetometer measurements yield, independent of knowledge 
of the volume of magnetic material in a disk, the factor 
(Ny — N.)Io= (42I04+3AT0/Io), which also occurs in the reso- 
nance condition. For all films, 7> was found to be positive, 
indicating tension, and ranged from zero to 1.210" dynes/ 
cm?, the breaking stress of nickel. It was largest in unannealed 
films near 0.3 micron thick and smallest in annealed films of 
more than 1.5 microns thickness. Independent determination 
of the quantity (N,—N,)Io allowed accurate ferromagnetic 
resonance g-values to be computed and showed that the 
g-value of nickel films is independent of film thickness and 
stress and is 2.20+0.02, the same value as that found for bulk 
nickel sheets. 

1J. H. E. Griffiths and J. R. Macdonald, J. Sci. Inst. (to be published). 


SP3. Fast Neutron Resonances in Boron and Fluorine. 
Harvey B. WILLARD,* WILLIAM M. PRESTON, AND CLARK 
GoopMAN, Massachusetts Institute of Technology. (To be given 


at the end of Session V if the Chairman rules that time per- 
mits.) —The response of a small, enriched BF; counter to fast 
neutrons (0.1 to 2.1 Mev) was measured with a resolution of 
25 kev using the Li?(p, 2) Be’ reaction in conjunction with the 
Rockefeller electrostatic accelerator. Three resonances, ap- 
pearing at 1.26, 1.66, and 2.04 Mev, were ascribed to charged 
particle reactions in B” or F!*. Since such resonances imply 
the resonances for the formation of a compound nucleus, the 
total cross sections of B®, B", and F!* were measured with the 
same resolution for neutrons of 0.5 to 2.1 Mev. B” exhibits 
no resonances, B" shows a strong resonance at 1.28 Mev, 
while F?* has resonances at 0.95, 1.24, 1.66, and 2.04 Mev. It is 
consistent with the observed data to assume that the reso- 
nances in the response of the BF; counter are due to F¥. On 
the basis of available mass tables the most probable reaction 
is F!%(n, a)N* (Q~+3 Mev). The resonance in B" at 1.28 
Mev and the resonance in F'* at 0.95 Mev are probably caused 
by resonance scattering. This work was supported in part by 
the ONR and BuShips. 


* Gulf Oil Corporation Fellow. 


SP4. Activities and Fission Yields in Chains of Masses 129 
to 134.* ALtexis C. Pappast AND CHARLES D. CORYELL, 
Massachusetts Institute of Technology. (To be given at the end 
of Session E if the Chairman rules that time permits.)—As 
part of a study of the distribution of fission yield along the 
decay chains" and perturbations in fission yields connected 
with nuclear shell-stabilizations,’>* fission chains involving 
antimony,* teliurium, and iodine are being systematically 
studied radiochemically for characterization of half-lives, 
genetic relations, and fission yields (both independent and 
cumulative). Data are given below, with new values for half- 
life in bold-face and new values of the cumulative fission yields 
in percent in parentheses: 32-day Te™ (0.23); 30-hr. Te!" 
(0.45); 25-min. Te! (2.5); 8.0-day I® (3.0); 77.7-hr. Te” 
(4.5); 66-min. Te (4.5); 22.4-hr. I (5.2), independent yield 
(0.5); 44m Te™ (6.9); 52.5-min. I™ (7.8). The fission yields 
have a precision of about eight percent of the values recorded. 
The cumulative yields at iodine of chains 131, 132, 133, and 
134 are in fair agreement with the values for xenon of Thode 
et al.3 

* Assisted by the joint program of the ONR and AEC. 

t Fellow of the Royal Norwegian Council for Scientific and Industria 
Research from the University of Oslo. 

ts Glendenin, Coryelli, and Edwards, Paper 52, Vol. 9, Div. IV, Nat. 
— Series, McGraw-Hill, 1950; * Phys. Rev. 75, 357 (1949); ¢77, 755 


2A. C. Pappas, Abstract (E4). 
+ Macnamara, Collins, and Thode, Phys. Rev. 78, 129 (1950). 
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